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II 
The aim of this thesis is to introduce the concept of recycling demolished 
concrete as aggregate which is then used in fresh concrete - to be known as 
"recycled concrete". Various aspects of concrete technology are covered and 
in this way recycled concrete is compared to conventional concrete. 
The work was performed in three phases, and it should serve as a guide to 
prospective users. 
E~B~s-1~ Various recycled aggregates were tested according to standard 
specifications and were found to be satisfactory in most 
aspects. Recycled fine aggregate is very coarse though, and 
should be used with caution. The absorption and porosity of 
recycled aggregates should always be determined to enable 
their use in concrete. The specific gravity of such an 
aggregate ~hould also be found to enable more accurate mix 
calculations. The highest compressive strengths normally 
possible for recycled concretes are between 56 and 71 MPa, but 
an average strength of 50 MPa should not be exceeded without 
thorough investigation, even though it is easily attainable. 
E~~~S-f~ A wet-batching method of mix design was investigated and sat-
isfactory recycled concretes were produced. Strength charts 
for such concretes are given. Methods of dry-batching are also 
presented, but are more complex than the wet-batch method. The 
water demand of recycled· fine aggregates was found to be con-
siderably higher than for natural sands, and again the use of 
fine recycled aggregate should be carefully considered. 
E~B~s-~~ The mechanical properties of recycled concretes were tested 
and Little difference found between recycled and conventional 
concretes. The compressive strengths were satisfactory and the 
elastic moduli sufficiently high, even though they were 15 to 
20 percent Lower than those of corresponding dense concretes. 
The shrinkage of recycled concrete is comparable to that of 
conventional concrete, and the creep potential somewhat 
greater, although not excessivly so. 
iii 
The use of recycled coarse aggregate in both plain and structural concrete 
is then recommended as an alternative to the dwindling supply of natural ag-
gregates. The use of recycled fine aggregate, however, is not recommended, 
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The concept of recycling demolished concrete originated toward the end of 
World War II, when engineers were faced with the dual task of rebuilding 
entire cities, and clearing the vast amounts of rubble and debris that had 
been created. · 
The first known publication on the subject, written by Gluzghe (*1), a 
Soviet scientist, appeared in 1946. In 1947, an MSc thesis was submitted to 
Cornell University, United States, by Ploger (*2) who investigated the pos-
sibilities of recycling crushed concrete. In Germany during 1948, Graf (*3) 
also experimented in this field. Even though the subject had been research-
ed, no records of any practical uses of recycled concrete exist. 
However, the 1970s saw the advent of the energy crisis, which combined with 
both an increasing scarcity of dumping terrain for rubble and diminishing 
resources of natural aggregates, Led the Europeans and North Americans to 
investigate the subject with revived interest. 
In 1977, the USA produced about 45-million tonnes of building and highway 
rubble (*4). One of the world's foremost authorities on the recycling of 
concrete, Professor Frondistou-Yannas of the Massachusetts Institute of 
Technology, notes that: 
"The successful recycling of concrete from demolition wastes as a 
substitute aggregate for new concrete can make a contribution to· 
solving two problems of increasing magnitude. 
"Firstly, an availability problem: Concrete aggregates are Locally 
unavailable in many metropolitian areas, both because urban expan-
sion had Lead to the closing of several aggregate ·pLants and be-
cause of enforcement of environmental Laws. Consequently, it 
becomes neccessary to transport concrete aggregates over increas~ 
ingly Longer distances. This creates a serious economic problem 
since concrete aggregates are bulky and heavy, and the cost of 
their transportation is correspondingly high. 
''Secondly, the waste disposal problem: Recent studies indicate 
that the waste from demolition in the USA reaches the substantial 
figure of 3D-million metric tonnes per annum. Since concrete ac-
counts for about 75 percent by mass of all construction materials 
used, it follows that concrete will acount for three-quarters of 
all demolition wastes. It has become increasingly difficult and 
expensive to dispose of construction and demolition debris within 
the bounds of the increasingly critical environmental require-
ments. In short, contractors are running out of dumps." (*5) 
For several years the Americans have been recycling concrete highways 
(commonly referred to as "concrete pavement" in the USA) by using portable 
crushing machinery to provide recycled aggregates - which are used mainly as 
sub-base material - and also in the fresh concrete for the new pavement 
(*4). This has Lead to significant savings in transport costs, but recycled 
concrete has not really been used for any other concreting applications. 
In November 1980, the North Atlantic Treaty Organization (Nato) Advanced 
Research Institute held an international symposium in France entitled 
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"Adhesion Problems in the· Recycling of Concrete", co-ordinated by Pieter 
Kreijger of the Eindhoven University of Technology. The symposium produced 
publications covering demolition methods, fracture mechanics and concrete 
technology. (>K6) 
In South Africa, recycling crushed concrete is relatively uncommon: 
understandably so, as the population density is considerably Lower than in 
Europe or North America, and consequently the civil engineer does not face 
the same problems in the manufacture of concrete and the disposal of rubble. 
Abundant resources of natural aggregates exist and there is sufficient space 
to conceal unsightly rubble dumps or Landfills. Consequently, there has been 
no need to investigate and employ alternative concrete materials. 
In certain areas of the country, Local natural aggregates are not suitable -
the main problems being reactive coarse aggregates and unsuitable natural 
~~~~~- In these instances the appropriate aggregates have to be transported 
at considerable cost from another region. Additionally, in South Africa the 
best natural aggregates available are often used indiscriminately in all 
applications, even for Low-key concreting jobs such as mass concrete. There 
is a myoptic and uneconomical use of dwindling natural re-sources, even 
though it may appear that these resources "will never run out". 
The need for alternatives such as recycled concrete will certainly exist in 
the future, and the construction industry would find it advantageous to 
become better acquainted with the process. 
The aggregate, both fine and coarse, is produced by crushing demolished 
concrete and is generally coarse-textured and Light-coloured (due to the 
mortar of the parent concrete). The shape of the aggregate is determined by 
the crushing process; for example, a more cubic shape is obtained by hand-
crushing with a hammer than by using a jaw-crusher. 
Phase 1 of this work will cover the testing of these recycled aggregates, 
with reference to relevant codes of practice. 
The fact that recycled aggregates are by nature porous, and therefore will 
absorb water from the mix, means that the aggregate porosity should be given 
due attention. 
South African mix design procedures are based on the Water Demand Theory, 
whereby the water requirement of the sand to be used is determined as a 
starting point of the design. Charts of concrete strengths versus cement-to-
water ratios for various combinations of aggregates and cement types are 
available. Furthermore, there are numerous aids to the designer that suggest 
stone contents, sand grading, slump adjustments, etc. The constituents of a 
mix are usually batched in the dry condition, as the coarse natural stone is 
impervious and the sand is the main determinant of the water content. 
Design methods for recycled aggregates in which the porosity of the ag~ 
gregate is taken into account, and which follow established procedures will 
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then be required. Phase 2 of this work will then concern itself with the 
development of such mix design methods. 
3 
It stands to reason that the mechanical properties of the recycled concrete 
will depend largely on the properties of the aggregate used, as the strength 
of the recycled aggregate is considerably less than the strength of natural 
stone aggregate. Consequently, if a poor concrete is crushed for aggregate, 
then a superior quality of recycled concrete cannot be expected. The con-
verse will also be true. 
In Phase Three of this work, the mechanical properties of recycled concrete 
will be investigated and compared with the results of overseas research. 
Consideration should be given to the possible presence of contaminants in 
the rubble to be recycled, and thus prevent the occurrence of undesirable, 
harmful interactions between the contaminants present in the recycled 
aggregate and the fresh concrete. The sources and types of possible con-
taminants are shown in Table 1.1 below. Young (*7) has established two 
categories: 
SOURCE 
1. Within the concrete 
2. Within the structure 
TYPE 
(i) Reinforcing steel 
Cii) Admixtures from the old concrete 
(iii) Chemical contaminants such as de-
( i) 
icing salts, oils, sea salts, 
etc. 
Metals <aluminium, zinc, copper 
etc) 
Cii) Gypsum (from plaster and dry 
walls) 
<iii) Wood (v) Glass 
Civ) Brick (vi) Plastics 
No criti~al contaminants- are envisaged within the parent concrete. The-re-
inforcing steel (termed "rebar" in the USA) that could damage crushers and 
machinery may be removed by manual and magnetic seperation. The chemical 
contamination and admixtures present in the crushed aggregate may affect the 
fresh concrete by interfering with any admixtures that might have been added 
to the new mix, or may alter the setting behaviour of the new concrete. Any 
such contamination can be determined in preliminary testing. 
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The de-icing salts used in North American and European paved roads and 
bridges contain chlorides that will attack and corrode the reinforcing 
steel. For plain unreinforced concretes no problems are forseen in this 
respect. However, an excess of chlorides causes unsightly efflorescence on 
the surface of the concrete. 
The following deleterious substances should be avoided: 
(i) ~rif~l Certain types of brick are highly expansive when 
wetted and could cause excessive cracking in the concrete. 
Otherwise use of brick in concrete is not a problem and has been 
done in practice. Brick will, however, increase the absorption of 
recycled aggregate, and will therefore reduce concrete workability 
if no allowance is made. 
(ii) ~QQQl Wood is considered an undesirable contaminant since it 
is soft, swells when moistened, and is degraded by alkalis. Wood 
may contain natural sugars that will retard the setting of the 
concrete. Wood may be seperated from recycled aggregates by den-
sity seperation methods. 
(iii) §~~§~~~ Considered to be the worst possible contaminant in 
demolition rubble, gypsum will occur in debris from interior dry-
wall partitions, ceiling boards and plastered surfaces. As gypsum 
is soft and crumbles easily, it will occur predominantly in the 
fine material of recycled aggregates - this being another reason 
why it is advisable to avoid recycled fine aggregate. 
The gypsum CaS04 .2H2 0 is potentially deleterious because it reacts 
with the cement paste, and in so doing, sets up sulphate attack 
which degrades the concrete. This results in a considerable loss 
of strength and increased expansion properties in the concrete. In 
1948, Graf <*3) set the maximum tolerance Level of gypsum at 1% by 
weight of aggregate and this figure is still used today. 
The deleterious sulphate attacks the tricalcium aluminate <C 3 A> of 
the cement, which sets up the subsequent degradation. Researchers 
have stated that the resistance to sulphate attack in the case of 
Portland cement elements depends primarily. on two factors: 
(a) The cement content of the concrete, and 
(b) the composition of the cement, specifically the C3 A content. 
There are then factors that may be considered in the manufacture 
of recycled ~oncrete if there is concern about gypsum contamin-
ation. 
(iv) §i@§§~ Waste glass can be potentially deleterious in re-
cycled concretes as its ~i§~ alkali sontent can Lead to adverse 
-alkali siliea reactions. 
In general, wetting the aggregates will remove appreciable amounts 
of deleterious materials - which is another advantage in employing 
·wet-batched methods (as discussed in Phase 2>. Additionally, by 
avoiding the recycled fine aggregate, the presence of contaminants 




The economic feasiblity of using recycled aggregates in fresh concrete was 
considered to be beyond the scope of this thesis, although some mention of 
the cost of materials used in Local concrete will be made in Phase 2. 
Frondistou-Yannas conducted a study <*8) of the economic feasibility of such 
concretes in the USA. Her study was based on information collected from the 
ten recycling plants extant in 1980. 
Many of the parameters involved in the Frondistou-Yannas study of American 
conditions apply to South African conditions. For readers with a particular 
interest in this aspect, reference 8 is recommended, as is another version 
of the study as presented to the 1980 Nato symposium - see reference 9. 
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The aim of this study is then to introduce the concept of recycling demol-
ished concrete, and then to cover various aspects of concrete technology, so 
that this work may serve as as guide to prospective users. The work will be 
performed in three phases. 
Various tests were performed on the range of demolished rubble ag-
gregates and all these results are not only compared to speci-
fica~ions such as BS 812 and SABS 1083, but will ~lso serve as a 
database for further work with recycled aggregates. 
Using th~ aggregate properties generated in the first phase, 
different methods of mix design with their aggregates were 
developed. The two general categories of mix design are ~~!: 
Q~!fb~g and 9r~:Q~!fb~g methods. 
Concrete will be made from recycled aggregate and will be tested 
for mechanical properties such as compress~ve, flexural and ten-
sile strengths, creep and shrinkage, and elastic modulus. A com-
parison will then be made with the findings of other researchers 
and with conventional concrete. 
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Making concrete from recycled aggregates would be no different from using 
natural aggregates if it was not for the fact that recycled aggregates are 
porous by nature. This porosity imparts certain special characteristics to 
the aggregate, causing it to behave differently in the making of concrete. A 
further consideration is that t~_a~recycled aggregates could in no way be as 
strong and durable as natural aggregates. Concrete producers ~re also 
concerned about the possible contamination that may exist in these 
aggregates made from demolished concrete rubble. 
It is therefore essential that the recycled aggregates should be analyzed 
and tested so that a spectrum of their properties related to concreting may 
be available. This range of properties will serve many purposes, the two 
most important being: 
(i) That the reputation of recycled aggregates may be enhanced by 
comparing them to conventional aggregates and code-of-
practice requirements, and 
(ii) that these properties may be used to develop more accurate 
and economic mix designs producing reliable concrete. 
Recycled aggregates can be compared with Lightweight aggregates in many 
ways. The fact that many Lightweight aggregates are artificially produced 
under controlled conditions means that their qualities and strengths are of 
a consistent, and by now, trusted nature. Therefore, having had a humble 
beginning, the technology of Lightweight aggregate concrete has grown to a 
sophisticated Level, and is in frequent use worldwide. (Short and Kinni-
burgh, *10; Cembureau, *11; Frick, *12). 
If a factual basis of aggregate properties is created, and then further data 
is generated for mix design using recycled aggregates as well as for the 
various properties of such recycled concretes, then recycled aggregate con-
crete could follow a path similiar to other engineering materials. 
Ten different samples of concrete that were generated by the demolition of 
various structures such as bridges, blocks of flats and floor slabs, were 
used in these tests. These samples were collected as Large chunks of rubble 
from a dumping ground on Koeberg Road, Milnerton, Cape Province. Each sam-
ple was placed inside a Large, airtight plastic bucket and each bucket 
Labelled. 
Ten of these samples were only of the order of 20 kg each and were used to 
obtain a range of values in each of the aggregate tests that were perfor-
med. An eleventh sample was collected afterwards to serve as a stockpile of 
aggregate to be used in Phases 2 and 3 of this thesis - this stockpile 
sample had a mass of over 1000 kg. 
The Large chunks (50 mm to 500 mm) of rubble had to be hand-crushed by 
hammer down to a size suitable for a jaw-crusher. Geoplan Laboratories in 
Beaconvale kindly made their jaw-crusher available, and eP.ch sample was pas-
sed through this machine twice and crushed down to aJw~~{~~ize of 25 mm. 
Care was taken not to Lose any of the sample during the crushing process. 
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The samples were then returned to the university Laboratory where they were 
screened and prepared for the aggregate tests that followed. 
The aggregate testing was done according to the British Standard <BS) 
812:1967 - ''Methods for Sampling and Testing of Mineral Aggregates, Sands 
and Fillers" (*13), which specifies the following procedure: 
§~£!lQQ_QQ~1 Sampling and submission of samples. 
No attention to this section was necessary as the samples had been 
collected, crushed and returned to the Laboratory with due care. 
§~f!iQO_I~Q1 Description and classification. 
A description of each sample is required and parameters to be 
heeded are particle shape, surface texture, impurities, clean-
Liness and colour. 
§~£!iQQ_Inr~~1 Determination of particle size and shape. 
The tests described here are sieve analysis, determination of the 
flakiness index, the elongation index, and the angularity number. 
§~£!iQQ_fQ~r1 Determination of specific gravity, water absorption, 
density, voids and bulking. 
Methods are described for the various types and sizes of aggre-
gates that may be tested. 
§~£!iQQ_fiY~1 Determination of moisture content of aggregate. 
§~f!iQQ_§i!1 Detection of organic impurities in fine aggregate. 
§~£!iQQ_§~Y~Q1 Determination of mechanical properties of 
aggregates. 
The tests described are for: 
i) aggregate impact value; 
ii) aggregate crushing value; 
iii) ten percent fines value; 
iv) crushing strength; 
v) aggregate abrasion value, and 
vi) Laboratory-determined polished stone value. 
Since certain of the tests described by BS 812 were not relevant to the work 
envisaged for Phases 2 and 3, they were omitted. Limitations in the amounts 
of sample available also necessitated the omission of certain tests. 
The following tests were performed: 
1. Sieve analysis (particle size analysis). 
2. Initial moisture content. 
3. Particle shape indication (flakiness index, angularity number, 
elongation index) 
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4. Specific gravity, absorption, density, voids, bulking. 
5. Aggregate strength indices (10% fines value and remoulded peak 
strength). _;-- -- --
6. Quality 
~Q!~.! (i) 
---indication (detection ~ganic impurities) ---Thi~a new test developed by the writer for further in-
dication of the strength of aggregate. It is discussed in 
Section 3.2.5.2. 
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<ii) The 10% fines value is also known as the 10% FACT value, and 
is the strength test for aggregates favoured by the SASS. 
The descriptions of the aggregate samples are included in two of the abo~e­
mentioned tests: namely the particle size analysis and the initial moisture 
content determination. 
The tests that were omitted were therefore: the aggregate crushing strength, 
since core samples were required; the aggregate impact value and the aggre-
gate abrasion value, as the Latter two tests were considered to be imprac-
tical; the aggregate crushing value, because it was decided that the 10% 
fines crushing value would be sufficient - this was to conserve the amount 
of sample to be used as both the crushing value and 10% fines value test 
used a substantial amount of material. 
Once the rubble had been crushed the maximum size of the particles was ap-
proximately 30mm. The aggregates were then sieved according to the specifi-
cations in SASS 1083 (*14), using the following sieve sizes for the coarse 
aggregates (by definition all the particles over 4,75 mm in diameter): 
26,5 mm; 19,0 mm; 13,2 mm; 9,5 mm; 6,7 mm; 4.75 mm; pan. 
A very small percentage of the particles was retained on the 26,5mm sieve, 
and the grading of the coarse aggregate was calculated only for the par-
ticles passing through the 26,5 mm sieve. 
The fine aggregate which passed through the 4,75mm sieve was then further 
sieved using a series of sieves in a mechanical shaker for 20 minutes per 
load. The following SASS sieve sizes were used: 
4750 )Jm; 2360 J-Jm; 1180 }Jm; 600 J-Im; 300 J-Im; 150 }Jm; pan. 
The grading of the fine aggregate, or "fines", was then calculated from the 
information gained by the sieving process. 
At this stage it was found that three of the samples collected had unfortun-
ately been spoiled- this was ascertained by comparing the total mass of the 
samples with their initial weights which were labelled on the buckets in 
which they were -kept. These samples - 2, 3 and 7 - thus had to be ignored in 
the particle size analysis as the original and sieved masses differed 
substantially. 
PHASE 1: TESTING OF RECYCLED AGGREGATES 
5AMfl[ 1 4 5 b 8 9 10 Steck ri I e. 
SABS 
0/o of Tobl\ OJo ~tal Tctal Toto I Toto I Total Totol Totnl 
SitYC. total ftblintd o/o Dfo o/o OJo % "/o fo % % ~0 lo % to o;,. 
arutute. rlQSS on Sit~e. f{ K R R R ~ K. 
1'\. 0 I'll'\ U·f ll·-t ZH Zl·l B·5 &·5 11·3 11·3 lb ·.1 Jb·1 -i.e -'(. 8 13·5 13. s 25·5 ZS·5 
B·2MP\ 3H, 4S·O 23 ·8 4i·'\ 3o·, 3'\·i 2(,·i -13·1 2b·O 4Z·1 25·.1. 2'\·" 21·0 .ot2·.S ..1~·6 50·3 
,. 5 .,,.. 11·3 51.·3 10·1 55·8 l.ot·8 51·2 12·2 5~·0 12·3 5.of·"l lZ·B 5l·l 1'3 ·O ~5·5 IH, tl· 'I 
t·1o PIP\ 1·1 i.S-4 ,.1 b-1·1 11·3 bS·5 ,.5 {,5·5 lo·2 , •. , 11·1 b5·-t IO·l {.5·{, ,-1 10·0 
Jt·15 MM b·S 71·'t ,.3 11· 2. 1·1 12-£, b·1 12·4 1·3 '11 ., 8<> 13·4 7·b 73·2. 5·8 1b·8 
2·Jb 1\M 8·0 l'\·'\ 1·(, 18·6 8·1 80·1 8·0 60·+ 8·4 Bo·J 1·3 62·l 6·4 81·" b·8 83·(. 
1·18 1'11'1 b·O 85·1 5·1 83·1 '·1 &1·4 b·C. 87·0 S·' 85·, 5·1:. 8S·5 ...,.~ 8E.·S "f·3 81·, 
boo )1" "'1·2 10·1 4·1 88·0 1·5 '11·1 .-f. 5 ,, . .5 3·1 81·8 3·3 Cf I·{, 3·8 10·3 3·5 'I 1· -1 
300~M "'·"' 
1"1·5 -4., 1Z-~ 3·1 '15." 4f.J 15·8 -i·'f H·1 --t-o 15·b "l·'f 15·2. 5·2. 1b·b 
1So}Jrr~ d-1 11·2 3·1 %-b 1·-f ,8·0 l·o H·6 2·5 ql·2 2-o H·& 2·(:, H·B j.{, 18·2. 
rossuis iSII 2·8 - 3·4 - 2·0 - 2·2 - 1·8 - 2·"'\ - 2·Z - .1·8 -
FintntH Moduli 6l fhc Q~Hc..HlO: 
o{ sood 3.12. 2-B 3.Z1 J.21 3. H. 3.3b 3.11 3.18 
of stoae 2. 52. 2.58 2.-io 2.55 t.-+Cf ~-:11 2·50 2·6" 





0 0 ~ .... .... 0 ., 0. 0 "t IJ'I ~ 
I I 1 : 
! 
I 











0 0 0 ,... CP -I 
I 
0 
0 .... ... c;·,r 
wwo·~r 
-t'£1 








































































FiGURE 3.1. The. GradirtJ £ n vela Pe of lhe Re.oc.le.ci 










For each sample the fineness modulus of the "fines" was calculated by the 
method described in SABS 1083 (*14). A r~i~!i~~ value is calculated for the 
coarse aggregates following the same reasoning as that with which the 
fineness modulus is determined. For the aggregate as a whole - fine and 
coarse fractions- an overall modulus is calculated similarly to enable 
comparison with one another. 
All the charts showing the grading calculations of each of the samples 
(including the stockpile that was used in Phase 2 and 3) as well as their 
grading curves may be found in Appendix A1. Table 3.1 shows the summarized 
details of the particle size analysis, and Figure 3.1 shows the grading 
envelope of all the samples tested. 
For the purpose of comparison, the two types of natural sand commonly 
available in the Cape Town area, namely the fine Cape Flats sand and the 
coarser Klipheuwel sand, were also analyzed and the results included. 
For eight samples in total that visibly varied from one another in colour, 
constituent stone and strength, the range of results are fairly narrow as 
can be seen from Figure 3.1. The fineness moduli of the "recycled sand" were 
from 2.93 to 3.36, the relative moduli of the coarse aggregates from 2.27 to 
2.85 and the overall particle size moduli from 6.83 to 7.44. The recycled 
"fines" may thus be considered to be fairly coarse compared with the 
fineness modulus of 2.02 for the finer Cape flats sand and the 2.18 of the 
coarser Klipheuwel sand. 
The samples had been collected in August 1985 following a week of rain and 
then a week of unusually warm weather. The fines of each sample were oven-
dried for at Least 24 hours in pans at a temperature of 105°C. 
Details of each sample are reflected in Appendix A2 and the summarized 
results are shown overleaf in Table 3.2. The initial moisture contents are 
expressed as a percentage of the oven-dried mass of the sample. 
Comments: ---------
The only value of this test is that it gives some indication of what 
moisture contents may be expected in rubble from samples collected from 
dumps and other Locations. Samples 1 to 8 were collected from the Koeberg 
Road dumping terrain during the Cape winter - thus their moisture contents 
vary from approximately 5% to 8%. Sample 9 was from a demolished slab made 
in the UCT Laboratory in 1983, and had been Lying outdoors for several mon-
ths before the sample was collected during the summer of 1984, hence the 
slightly Lower initial moisture content. 
The stockpile for the mix design in Phase 2 was also collected from Koeberg 
Road dump, but during mid-summer in 1985, hence its Lower moisture content 
of 4.2%. Sample 10 was collected from a demolished block of flats in Sea 
PHASE 1: TESTING OF RECYCLED AGGREGATES 
Point, Cape Town, during 1984 and had been air-dried on display in UCT 
laboratory for over a year before its moisture content was determined -
hence the minimal content of 1.85%. 











(11) Stockpile 4.20% 
~Q!~~ Spoilt samples 2, 3 and 7 were not included in Section 3.2.1. 
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Three fairly simple tests were described in BS 812 to give an indication of 
one aggregate's particle shape as compared to another. There are tests for: 
(i) Flakiness Index; 
(ii) Elongation Index, and 
(iii) Angularity Number. 
The procedures to be followed and apparatus used for each is incl-
uded in Appendix A3. 
An attempt is made to pass each of the particles individually 
through the gauge plate shown in the Appendix A.3 and finally the 
masses of each fraction are found and the flakiness index of each 
size fraction is then calculated. An overall flakiness index i~ 
then found. See the data in Sheets 1 to 9, also in Appendix A.3. 
This is a similiar test to the flakiness index test, but this time 
the apparatus consists of a wooden block with appropriately spaced 
dowels providing the gauged spacings. The particles are then fit-
ted through the relevant slots on the apparatus. 
The apparatus had to be made in the workshop, and as the spacings 
specified correspond to the sieve sizes indicated in BS 812, and 
the SASS 1083 sieve sizes differ slightly from these, the correct 
widths are calculated in Table 1.3 overleaf: 
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BS 812 SIEVE SIZES AVERAGE SIZE THICKNESS GAUGE GAUGE FACTOR 
(mm) (mm) (mm) (mm) 
25.40 - 19.05 22.225 13.34 0.600 
19.05 - 12.70 15.875 9.53 0.600 
12.70- 9.52 11.110 6.68 0.601 
9.52 - 6.35 7.935 4.78 0.602 
SABS SIEVE SIZES AVERAGE SIZE CALCULATED GAUGE GAUGE FACTOR 
(mm) (mm) THICKNESS (mm) Cas above) 
26.50 - 19.00 22.750 13.65 0.600 
19.00 - 13.20 16.100 9.66 0.600 
13.20 - 9.50 11.350 6.82 0.601 
9.50 - 6.70 8.100 4.88 0.602 
The apparatus was then made from a wooden base into which thick 
nails were driven to provide the gauge spacings. The gauge widths 
were measured afterwards and found to differ slightly from the 
calculated widths, and hence the correction factor reflected in 
the tables are shown in Sheets 1 to 9 in Appendix A3. 
This test requires data from the specific gravity, water absor-
ption and voids tests discussed in Section 3.2.4 - namely, the 
specific gravity of the particle size fractions and the completed 
bulk density. The same cylinders that were specially made for 
Section 3.2.4 were also used. 
The Angularity Number is calculated as follows: 
A = 6 7 - ..l.Q.Q!! 
e.G 
n-?~..S 
••• equation 3.1 
Where W = the compacted dry ~~Lk deAsity of the particles; 
C = the volume of the container used, and 
G = the specific gravity of the particles. 
The basis of reason in this calculation is that if particles are 
perfectly round, then 33% voids will occur in the packing matrix, 
hence the "67 - (*)" in the calculation. The angularity number is 
thus the difference between the "packing voids of particles" and 
"packing voids of round particles". The data for each sample are 
shown in Sheets 1 to 9 in Appendix A3. 




SAMPLE FLAKINESS ! ELONGATION ANGULARITY 
I II III IV Total I II III IV Total I II III IV 
1 10 7 12 11 10 11 15 6 18 12 10.7 8.4 3.8 -
I L-4 10 12 14 17 11 12 18 16 20 14 9.2 6.7 2.5 2.3 
'->.5 8 5 6 9 6 10 8 6 15 9 - 7.2 3.6 2.5 
'.,) 
6 14 12 12 13 13 16 16 12 22 16 11 • 3 8.7 2.9 2.5 
c -8 17 9 20 18 15 21 17 21 18 20 5.3 9.5 1.9 2.4 
.t--9 5 6 3 5 5 7 10 3 11 8 - 8.4 3.4 4.6 
10 10 8 7 6 9 16 15 8 14 14 10.3 7.9 2.9 4.5 
SIP* 13 10 17 18 13 17 16 19 23 17 7.5 6.3 1.2 0.3 
*Stockpile 
§i~~-f.C~f!iQ!JE I = 26.5 - 19.0 mm; II = 13.2 - 19.0 mm; 
III = 9. 5 - 13. 2 mm; IV= 6.7- 9.5 mm 
Sample 9 had the smallest original stone size, with a maximum of 13 mm, and 
visibly had the roundest particles. Its flakiness index was therefore the 
Lowest, as expected, namely a value of five. Its elongation index was also 
the Lowest - at eight, but its angularity numbers are no different from 
other samples. Sample 8 had as its original stone a very angular, black 
hornfels of maximimum size over 52 mm <2 inches) and crushed it had the 
highest flakiness and elongation index, of 15 and 20 respectively. Its 
angularity numbers are also much the same as for the other samples. 
It appears that the angularity numbers depend Largely on the crushing 
process- that is, one crushing process will produce a certain degree of 
angularity and another process a different degree. The jaw-crusher used was 
set to produce a maximum aggregate size of 24.5 mm (one inch). Thus size 
fractions I and II <19.0 mm- 26.5 mm and 13.2 mm- 19.0 mm) will be most 
relevant to indicate an angularity degree. For size fraction II, the range 
of angularity is very narrow (6.3 to 9.5), and for size fraction I, the 
range is 5.3 to 10.7. 
Another crushing process would probably produce a different degree of 
angularity. For example, it is known that hand crushing of aggregates pro-
duces more rounded and more cubic particles than does machine crushing. The 
angularity numbers in the corresponding size fractions will therefore tend 
to be different. 
The flakiness and elongation indices seem to be more dependent on the actual 
aggregate properties, and hence the results were more in Line with those 
expected from a visual examination. 
The highest single value of either index was 23 (the elongation index of the 
mix-design stockpile for size fraction IV). This means that 23% of the ag-
gregate particles are considered to be "elongated". The criterion for a 
particle being "flaky" or "elongated" is that the maximum dimension of the 
particles be Less than a certain fraction/percentage of its maximum or 
average dimensions, as shown in Figure 3.2. 




Two types of natural aggregates were available in the university Laboratory; 
a 13 mm hornfels and a 19 mm granite. The hornfels is visibly quite flaky 
with flat and poorly-shaped particles, whilst the granite is easily seen to 
be more cubic in shape. The flakiness index of the hornfels was found to be 
19 and its elongation index to be 20, whereas the flakiness index of the 
granite was four, and its elongation index to be five. 
~~~~~~--§Q!£ifi£_§r~~i!l~-e~!2rQ!iQQ_!Q~-~Qi~!_Qf_eggr!9~!!! 
This test is probably the most important and informative done on the rubble 
aggregates. The test is fairly simpLe, Lasts 24 hours and gives some useful 
information concerning the rubble aggregate. The major difference between 
rubble aggregates and natural aggregates is the porosity of the former - and 
in designing concrete mixes using the recycled aggregate, this is the factor 
that requires attention -otherwise their mix designs would have been no 
different. 
Just this single test on a sample produces the following information: 
( i) 
(ii) 
( i i i) 
< i v) 
(v) 
The specific gravity and densities <dry bulk, compacted and 
absolute) 
the porosity of the aggregate; 
the absorption of the aggregate; 
the voids present in the aggregate packing, and 
the bulking of the aggregate as it is wetted. 
(Bulking occurs when an aggregate is wetted and it undergoes a volume 
change, usually an expansion.) 
Two steel cylinders with handles and heavy bases were made in the workshop 
to comply with the required type of container specified in BS 812. 
They were then calibrated as follows: 
The "dry mass" of the cylinder is determined, then it is filled to 
the brim with water and the gross mass measured. The volume of the 
cylinder is therefore equal to the mass of water that fills the 
cylinder as the density of water is 1 gram per millilitre (1 cubic 
centimetre equals 1 millilitre). 
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TRIAL MASS OF DRY CYLINDER MASS OF FILLED CYLINDER i VOLUME 
.j (ml) 
I 
1 2677 4176 1499 
2 2678 4174 1496 
3 2677 4172 1495 
Average: 1497 
TRIAL MASS OF DRY CYLINDER MASS OF FILLED CYLINDER VOLUME 
<mL> 
1 2637 4124 1487 
2 2637 4125 1488 
3 2638 4125 1487 
Average: 1487 
It was also found that it takes 3 to 4 ml of water to wet the walls and base 
of each cylinder, but this feature is ignored in the calculations as it is 
within the range of experimental error. 
( i) 
( i i ) 
Using oven-dried aggregate, fill the cylinder up to its brim 
whilst vibrating it on a vibrating table. Pieces of aggregate are 
then hand-fitted into any remaining gaps until the cylinder is 
fully packed. This Level is determined to be flush with the cy-
Linder walls by rolling the tamping rod over the cylinder walls. 
The rod must roll freely, ihdicating that the cylinder is not 
overfilled. 
Two values are read in this step - the mass of the empty cylinder 
(A) and the mass of the filled cylinder (8). The mass of the dry 
aggregate filling the cylinder is thus found, and using the known 
volume of the cylinder, the compacted dry bulk density is calcul-
able. 
v~/Js 
Fill the C)'linder with water and Leave for at Least 24 hours, so 
that the absorption is complete. The cylinder may be tapped with 
a tamping rod or vibrated lightly to allow trapped air bubbles to 
escape. Before the mass reading is taken, it should be ensured 
that the water level is to the brim of the cylinder. 
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The mass of the filled cylinder (C) is taken, and compared with 
the previous reading will give the total amount of water required 
to fill voids within the cylinder. The total volume of voids in 
the packing of aggregate and in the aggregate porosity is then 
found. 
(iii) Place some mesh over the cylinder and pour the free water out of 
the cylinder by turning it upside down. Allow it to remain up-
turned for three minutes, turn upright, and reweigh the cylinder 
to find the mass of the cylinder and saturated aggregate (D). 
Empty the saturated aggregate from the cylinder and allow it to 
surface dry for another three minutes, but ensure that no solid 
aggregate particles are lost in the process. Refill the cylinder 
with the surface-dried aggregate and if any bulking occurs, it 
should be noted and measured. The mass is again taken to give the 
mass of cylinder and saturated stone (E). 
It is assumed that reading D still contains some free water that 
will add to the absorption of the aggregate, whereas reading E 
may reflect the loss of some water from the aggregate pieces and 
thereby reduce the absorption figure. The.mass of the cylinder 
and saturated aggregate is thus taken as 5~ which is the average 
of the two abovementioned readings. 
Appendix A4 shows data sheets of each of the aggregate samples 
tested. Three size fractions of each sample - namely the 19.0 to 
26.5 mm, 13.2 to 19.0 mm, and the 4.75 to 13.2 mm fractions, were 
tested. The calculation of each relevant parameter concerning the 
aggregate is shown in these sheets as well. 
The calculation of the following parameters is performed in Appendix A4: 
(i) compacted bulk density; 
(ii) compacted saturated bulk density; 
(iii) aggregate absorption coefficient; 
Civ) total voids percentage; 
(v) porosity percentage of aggregate by volume; 
<vi) packing voids percentage; 
(vii) absolute density including pores; 
(viii) absolute density as solid material; 
(ix) apparent specific gravity as porous material, and 
(x) specific gravity as solid material. 
The results are shown in Table 3.6 along with additional information from 
the other aggregate tests done. 
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The data for each size fraction may be combined to give an overall figure 
for that specific sample - this was done for the overall absorption percen-
tage, overall porosity and overall absolute density as porous material. 
If there are n size fractions and the masses of absorbed water are a/; ~ 
••• an (millilitres); the dry mass of samples are m/; m4- ••• mn Cmil-
lilitres), then the calculations for the the overall figures are as follows: 
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overall absorption X= ,a, +a~+ •• ~an l x 100% 
m, -f ~~ ,.,. ?'mn 
overall porosity % = I a, + a~+ ••• +avn I x 100% 
a~ -r a~ r- , .. . -r avn 
overall absolute density = I m, + m.,t-•• -rmn] g/ml 
<as porous material) av, r-a_x r-, .. -(-a~ 
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equation 3.2 
••• equation 3.3 
••• equation 3.4 
These calculations are shown in Appendix A4 and included in Table 3.6 
that follows. 
The figures for bulking of aggregates are included in the test sheets of the 
appendix. Bulking occurs when an aggregate is wetted and it undergoes a 
volume change, usually an expansion. This phenomenon is only really pre-
valent in the fines fractions of a course aggregate (for example the frac-
tion of 4.75 mm to 6.70 mm in diameter) and especially in sands. 
To simplify the process of calculating the bulking percentage of the aggre-
gate, the following process was used to determine this value: 
• I • •,. t. I • : • I. •"' 
.... " "• · .... 
/ 
/ 
Let the height of aggregate protruding above the the top of the cylinder be 
hQ and the height of the cylinder be hf. The bulking percentage is therefore 
directly proportional to hf over hQ, and using some known values, as shape 
coefficient can be determined so that: 
bulking = 100 X hb 
he 
X Cb % •••• equation 3.5 
A known case comes from sample 8 in the 4.75 to 13.2 mm fraction where the 
hQ was assumed to be 25 mm, and the bulking percentage found by weighing the 
material to be 7.4%. Therefore, with the cylinder height being 172.5 mm for 
both cylinders, the coefficient to correct for the shape of the protruding . 
aggregate is: 
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Cb = bulking x he 
100 X hb 
Cb = (172.5 X 7.4)/(100 X 25) = 0.51 
Or, to simplify that even further; 
bulking = 
[
100.hb] X 0,51% = 
175.25 
where hb is measured in mm. 
0.30hb% 
The bulking data for all the aggregates and size fractions tested 
are shown in Table 3.7 overleaf. 
SIZE SAr-1PLE SAMPLE SAMPLE SAMPLE SAMPLE SAMPLE SAMPLE STOCKPILE 
FRACTION 1 4 5 6 8 9 10 
(mm) -
I 
19.0 - 26.5 0 0 0 0 0 0 0 0 
13.2 - 19.0 0 1.0 0.9 0 0 I 1. o 2.4 0 




It appears that up to 10% bulking can occur in the finer fraction 4.75 mm-
13.2 mm of recycled aggregates, and the most common amount seems to be 
around 5%. The Larger particle fractions do not appear to be affected by 
bulking as would be expected. Concrete producers need not concern themselves 
with this aspect of recycled aggregate, but for roads and pavements an en-
gineer might take these values into account. 
These tests are by nature destructive and the aggregate used is then Lost to 
future testing. Due to a shortage of certain size fractions, only one of the 
two applicable tests as described in BS 812 could be performed- namely the 
10 percent fines value test - and the aggregate crushing value was thus 
omitted. The test for 10 percent fines value is described fully in Appendix 
AS, although a summary thereof is presented below in Section 3.2.5.1. 
The other strength-indicating test was devised by the author and will be 
known as the test for the "remoulded peak strength" of the aggregate. It was 
felt that although the 10 % fines value gave an indication of the strength 
of the aggregate, it was (i) too variable, and (ii) did not give an accurate 
account of how the aggregate would behave under compression when constricted 
by the mortar of the concrete. The idea of the test is thus to constrict the 
aggregate particles in a paste of a known high strength and thereby induce 
aggregate failure in a standard concrete compressive cube test. There is 
therefore very little matrix failure and the compressive strength attained 
from these cubes would reflect directly on the strength in compression of 
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~he aggregate used as it would be in a real concrete structure. The test is 
described in detail in Section 3.2.5.1 below. 
Aggregate samples of the size fraction 13.2 to 9.5 mm are required 
for this test. They are compacted into a heavy cylinder with a 
tamping rod, and the final pieces are hand-packed so that the rod 
may roll freely over the top of the cylinder. A heavy piston is 
then placed over the sample and the apparatus is then positioned 
in a compression testing machine such as the Amsler machine avail-
able in the UCT Laboratory. The piston is then forced down onto 
the aggregate and has to be Lowered some distance to produce bet-
ween 7.5 and 12.5% of "fines" (to be defined hereafter). The 
recommended distance for the piston to be Lowered onto a honey-
combed aggregate is 24 mm, but it was found during tests that 28 
to 30 mm produced the best results. This distance can be gauged by 
using the plotter on the testing machine. 
For this test the "fines" have been defined as all material pas-
sing through the 2.36 mm aperture sieve- and not the 4.75 mm 
sieve as would be the general boundary between coarse and fine 
aggregates as defined in both the British and South African codes. 
When the desired displacement has been reached, the maximum Load 
exerted to attain that distance is noted and assigned the value X. 
The sample is then removed from the test cylinder and sieved to 
find all particles passing through the 2.36 mm sieve. The per-
centage of fines produced is assigned the value Y and is cal-
culated by taking the mass of fines over the total mass of the 
sample. The ten percent fines value is then calculated as: 
10% fines value = 14X 
Y+4 
kiloNewtons •••• equation 3.6 
This value should only be calculated if the percentage of fines 
produced was within the specified Limits of 7 •. 5 and 12.5%. 
The code requires that the samples tested should be of 9.5 to 13.2 
mm in diameter, but it does not allow for testing of non-standard 
sizes following the exact same method as described. Due to limit-
ations in the amount of samples available, and the fact that in 
the mix design phase it is intended to use 13.2 to 19.0 mm aggreg-
ates, the size fraction used for the 10% fines test was thus 13.2 
to 19.0 mm in diameter. 
The data sheets of all the various samples test~L8re shown in 
Appendix AS. The test was found to be highlyvef~, as can be 
seen from the test on the 13.2 to 19.0 mm fraction of the stock-
pile, where the values produced were 139kN and 192 kN. Therefore, 
the single values attained for each of the other samples in this 
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size fraction cannot be deemed to be sufficiently accurate. In the two tests 
on the 9.5 to 13.2 mm fraction of the stockpile, the values were far more 
consistent in that the two results weret11kN and 106 kN. So perhaps the 
reason why the code prefers to use this particular fraction is that is 
generally produces more consistent values. 
Table 3.8 below shows a summary of all the 10% fines tests done: 
SIZE SAMPLE SAMPLE SAMPLE SAMPLE SAMPLE SAMPLE SAMPLE STOCKPILE 
FRACTION 1 4 5 6 8 9 10 
<mm) 
19.0 - 26.5 - - 304 - - - - -
13.2 - 19.0 186 182 198 142 238 1m 189 165 
9.5 - 13.2 - - - - - - - 108 
The fact that the Larger the diameters of the aggregate particles, the 
higher the 10% fines value, indicates that the Larger size fractions contain 
a higher degree of the original structural stone. This fact becomes very 
apparent in the previous Section 3.2.4 and will be discussed in greater 
detail in Section 3.3. 
As mentioned previously, this test attempts to measure the comp-
ressive strength behaviour of recycled aggregates within hardened 
concrete. The concept is that recycled aggregate particles are 
mixed with a high strength water-cement paste and cubes th~ cast 
and tested at any desired age. The fracture of the cubes will then 
occur in the aggregate rather than in the paste matrix. This fact 
was borne out by investigation of the failure surfaces of the 
crushed cubes. 
In a competition to make the strongest concrete possible, under-
graduate students in 1985 attained strengths of between 100 MPa 
and 110 MPa using cement-water pastes with cement/water ratios of 
over 4.0. The winning team produced two cubes of 111 MPa using a 
cement/water ratio of 4:16 <a water/cement ratio of 0.24). No sand 
was used in these cubes. 
Some of the teams had used the same cement/water ratio but had 
included a 13.2 mm nominal size hornfels as stone aggregate, and 
only achieved up to 85 MPa. Certain aggregates are known to be the 
limiting factor in concrete strength, hence this test for recycled 
aggregates •. 
Initially an attempt was made to calculate the exact amount of 
constituents (water, cement and recycled stone> required for a mix 
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with a cement/water ratio of 4:16. This calculation was based on 
the porosity voids in the compacted aggregates from Section 3.2.4. 
However, in attempting to apply the derived formula, there was an 
extreme deficiency in paste, and the values calculated for the 
cement powder and water had to be almost doubled to produce a 
satisfactory mix. 
By trial and error a mix design was found that worked very well 
and produced workable concrete. A standard specification was then 
defined for this new test: 
1. Use oven-dried aggregate in the 13.2 to 19~0 mm fraction; 
~ 
2. Use a stone content of 1100 kg/m ; 
3. Use a cement content (preferably rapid-hardening cement) of 
1000 kg/m3 ; 
4. Use a water/cement ratio of 0.24- i.e. use 240 Litres of water 
per cubic metre. 
5. Prepare the mix, and if the workability is poor, then up to 6% 
of the stone content in additional water may be added to 
improve the workability. That is, up to 66 Litres/m~ may be 
added; 
6. Prepare at Least four 100 mm cubes using heavy vibro-compaction 
for at Least one minute; 
7. Crush the cubes in a compression testing machine at the desired 
age, that is, seven days for rapid-hardening cement or 28 days 
for ordinary Portland cement. The mean value in MPa is thus the 
remoulded peak strength of the aggregate. 
1. If aggregate from a size fraction other than the one specified 
is used, the test is still acceptable, although any aggregates 
over 19 mm in diameter would by code requirements have to be 
cast in 150 mm cube moulds. · 
2. Rapid-hardening cement is recommended as it gives the required 
results within seven days. 
3.· The selected water/cement ratio of 0.24 is arbitrary and is 
based on the discussion that preceded the standard speci-
fication for the test. 
4. The 6% of additional water (6% of stone mass) is to allow for 
the absorption of the porous recycled aggregates. The value of 
6% was derived from the aggregate tests in Section 3.2.4, where 
the overall absorption coefficients for the rubble samples 
tested were all at Least 6%. If the actual absorption figure is 
known for the sample to be tested, then it may be used instead 
of the 6% for more accurate results. 
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5. The density of each cube to be crushed should preferably be 
determined, as the compressive strength in concrete is highly 
dependent on the concrete density. This merely serves as an 
additional parameter that the user may wish to consider in the 
analysis of his/her data. 
6. Table 3.9 below serves as a guide to the user as to how much 
material needs to be batched to produce four, five and six 100 
mm cubes using 13.2 to 19.0 mm aggregate for this test. 
MATERIAL AS SPECIFIED FOUR CUBES FIVE CUBES SIX CUBES 
(kg/m3) (g) (g) (g) 
Stone 1100 5500 6000 6600 
Cement 1000 5000 5455 6000 
Water 240 1200 1309 1440 
Additional 66 330 360 396 
water 
!~~!~-~~2i __ B~£Qmm~o~~~-~~!£b_g~~o!i!i~!_io_!b~-B~mQ~!~~~-~~~~-§!c~og!b 
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When the constituents were first mixed with the nett amount of water requir-
ed to give the water/cement ratio of 0.24, the mixes were still very dry and 
would not mix properly. However, when the additional water was added, the 
workablility and mixability improved significantly, and although the slumps 
were all below 30 mm and the mixes were rather sticky, they behaved reason-
ably well when vibrated in the cube moulds. The cubes from each mould were 
all cast without much difficulty. 
The cubes were cured by being Left to set for 24 hours before being stripped 
and then submerged in water at 24°C •for another six days before testing. 
ALL the cubes failed in a very brittle manner, with spalling of the surface 
concrete occurring at as Low as 60% of the ultimate strength. The fractures 
of the cubes were very sudden, and this indicates that the failure had 
occurred in the aggregate of the concrete. Upon visual examination of the 
fracture surfaces, the dark, cement-rich paste matrix could easily be dis-
tinguished from the Light porous mortar and dark natural stone of the ori-
ginal aggregate. And it was again evident that the failures had occurred 
mainly through the mortar (and sometimes brick) particles of the recycled 
aggregate, and not through the natural stone present. 
The test on Laboratory hornfels aggregate produced vigorous spalling of the 
surface concrete from around 90% of the failure strength. The fracture sur-
faces followed mainly through the weaker, Lighter-coloured.hornfels par-
ticles, which shows up the strength Limitations of this particular Cape 
aggregate. 
A summary of the data obtained is shown in Table 3.10 overleaf. All values 
are for aggregates in the 13.2 to 19.0 mm size fractions. For the purpose of' 
comparison the ten percent fines values are also shown: 
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SAMPLE REMOULDED PEAK STRENGTH CONCRETE DENSITY 10% FINES VALUE 
(MPa) ( kg/IPYr~ (kN) 
1 64.9 2332 186 
4 58.6 2277 182 
5 58.0 2325 198 
6 55.8 2286 142 
8 62.7 2310 238 
9 71.4 2333 170 
10 62.0 2330 189 
Stockpile 58.3 2291 165 
Hornfels 78.2 2460 310 
I~~1~-2~1Ql __ r~~-r~m2~19~9_Q~~~-~!r~Qg!~~-Qf_r~£~£1~9-~ggr~g~!~~-£QffiQ~r~9 
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The results of this test will be discussed fully in Section 3.3, but for now 
it may be noted how narrow the range of densities were in the recycled ag-
gregate cubes, namely 2277 - 2333 kg/m3 ; and also that there is not such a 
good correlation between the two aggregate strengths indi~ators, namely the 
remoulded feu and the 10% fines value. 
Most researchers in the field of aggregate recycling have stressed that t~at 
any contaminants that may be present are usually concentrated in the fine 
particles of a crushed aggregate. The most common contaminants - otherwise 
known as deleterious materials - are gypsum, glass, wood, certain types of 
brick, and chemical contaminants such as salts, sugars and previously-used 
admixtures. 
The Portland Cement Institute in Goodwood kindly tested a number of rubble ~#~ 
samples for contamination, and found: A 
(i) No trace of £~12ri9~~ was found in any of the samples; 
(ii) The traces of Qrg~Qi£_m~!~ri~1 found in certain samples were 
extremely Low and were considered negligible; 
(iii) Except for samples 9 and 10, no other samples had any traces 
of ~~1Q~~!~~ - the exact concentration was not determined. 
It is recalled that Sample 9 had been taken from a demolished slab made in 
the UCT Laboratory in 1983 and sample 10 had been collected from a demo-
Lition site in Sea Point at the end of 1984. These two samples were then 
~ept in the Laboratory until tested at the end of 1986. The other samples 
were all collected from a- rubbl-e dump in -MHnerton where they had been 
exposed to the elements for an unknown period. 
It must therefore be assumed that samples 9 and 10 had either been contam-
inated by suphate substances whilst in the Laboratory, or by the mix water 
in the case of sample 9, and the sulphate-bearing groundwater in the case of 
sample 10. 
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The harmful effects of the contaminants such as the sulphates and chlorides 
were discussed in the introduction under Section 1.5, and further mention of 
the matter will be made in the discussion to follow in Section 3.3.8. 
Table 3.11 shows the standard specifications for sand grading of SASS 1083 
(*14), SS 882 (*15) and ASTM C33 (*16). It will be noticed that the grading 
envelope for sand with ASTM is very strict, while SASS is the most relaxed. 
SS actually permits four sets of envelopes which have been converted into 
one of the table below. In so doing, SS attempts to make the best use of the 
materials available. SASS has a relaxed outlook on sand grading because it 
considers the water demand of particular importance. 
SIEVE APERTURE SASS 1083 SS 882 ASTM C33 
(mm) % % % 
4750 90 - 100 89 - 100 95 - 100 
2360 - 60 - 100 80 - 100 
1180 - 30 - 100 so - 85 
600 - 15 - 100 25 - 60 
300 - 5 - 70 10 - 30 
150 0 - 15 0 - 15 2 - 10 
The limits are placed on the sand grading because it affects the workablil-
ity, water demand, bleeding, segregation and shrinkage of the concrete. How-
ever, by proper ~mix-design procedures, the negative effects of a poor 
grading can be overcome and so the ASTM C33 standard specification may be 
considered by certain parties to be overly rigorous. The gradings of the 
recycled "sands" or fines tested are shown in Table 3.12, and it can be seen 
that all of them comply with SASS and SS, but often fal( short of ASTM. 
SIEVE S1 S4 ss S6 S8 S9 S10 STOCKPILE 
(micron) <Percentage passing through aperture) 
4750 100 100 100 100 100 100 100 100 
2360 72 74 71 71 70 65 69 71 
1180 51 56 46 47 so 44 51 52 
600 36 42 30 31 36 31 37 37 
300 20 24 17 15 19 16 18 14 
150 10 12 8 8 10 8 9 7 
Fineness 3.12 2.93 3.29 3.29 3.16 3.36 3.17 3.18 
modulus 
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ASTM requires that 80% to 100% of the sand should pass the 2360 micron sieve 
and it is seen that all eight recycled sands fall below this figure with a 
range of 65 - 75%. This implies that the recycled "sands" or fines are 
generally too coarse to comply with the ASTM specifications. This can 
further be seen from the fineness modulus. 
The Limits placed on the fineness modulus specified by the three codes are: 
SASS 1083: 1.6 < FM < 3.5 
SS 882: no Limit specified 
ASTM C33: 2.3 < FM < 3.1 
Again the ASTM Limit is very narrow and many natural sands commonly used by 
South African concrete makers would not comply with it. The fineness modulus 
of a sand can be adjusted by the blending of sands. The fineness moduli of 
the recycled "sands" were found to Lie between 2.93 and 3.36 and they 
therefore comply with both SASS and SS - but again do not Lie within the 
ASTM parameters. 
In Section 4.2.1 the water demand of the recycled sand stockpile was found 
to be 258 Litres per m3 for 75 mm slump with 19 mm stone size. This figure 
is substantially higher than the 171 Litresfm3 found for the Klipheuwel sand 
that was used as a control comparison. Fulton (*17) has suggested that sands 
with a water demand of more than 220 Litresfm3 for 35 mm slump and 19 mm 
stone should not be used as it produces bad economy in the concrete. The 
figure of 220 Litres would be equivalent to approximately 230 Litres for the 
Portland Cement Institute's standard water demand slump of 75 mm. 
The use of recycled "sand" in concrete may also Lead to problems with 
deleterious contaminants that concentrate themselves in these fines frac-
tions of a crushed rubble. The problems with such contaminants were discus-
sed in Section 1.5. However, in Section 3.2.6 it was found that only two 
recycled fines samples contained such contamination. 
For the reasons of coarse grading, high water demand and possible contamin-
ation, the use of recycled "sands" in demanding concrete operations should 
be avoided. However, for lower grades of mass concrete the use of these 
sands would certainly be acceptable, though caution should be exercised. 
The grading of the coarse recycled aggregate is of no consequence as the 
concrete producer may specify a required grading and the modern trend is 
toward a "single-size" or "gap-graded" stone. Parameters such as porosity, 
shape and surface texture are far more important with coarse aggregates and 
these are discussed in the following sections. 
The initial moisture contents of recycled aggregate cannot give any infor-
mation about the nature of these materials and so no elaborate discussion 
would be necessary. The initial moisture contents depend on where and when 
the rubble concrete was collected and for how Long, and under which condit-
ions, it was stored. This moisture content is only really used in the dry 
batching of concrete constituents where adjustments are made to the water 
content of the mix to account for the absorbed water present in the moist 
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sand or porous stone. This could be done to determine the effective 
cement/water ratio with greater precision. 
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The shape of particles in a crushed aggregate would depend Largely on the 
crushing process that was used. The recycled aggregates tested in this 
thesis were all crushed in a jaw-crusher and the consistency of shape can be 
?een from the flakiness and elongation indices shown in Table 3.4. 
The flakiness and/or elongation of a recycled aggregate will, apart from the 
crushing process, depend on: 
(i) The shape of the natural aggregate used in the parent concrete, 
and 
(ii) the strength of the matrix or mortar of the parent concrete. 
It stands to reason that if the stone in the parent concrete was badly 
shaped, it would impart its poor shape to the crushed concrete as well, 
especially of the mortar matrix is weak. If the mortar matrix is very 
strong, as for sample 9, then the crushed particle shape will be more cubic, 
as can be seen from Table 3.4. 
The particle shape of recycled aggregates can therefore be said to be 
satisfactory compared to natural aggregates - It is certainly better than 
the poorly-shaped hornfels that is often used in the Cape Town area - . 
although it has a much rougher surface texture. 
It is important that the absorption capablilty of a recycled aggregate be 
known and it may be determined fairly simply by following the procedures 
stipulated in Section 3.2.4. 
The value of the absorption of an aggregate is called the "absorption 
coefficient" and it is expressed as a percentage by mass of the dry aggreg-
ate. It is directly related to the porosity of the aggregate, which is ex-
pressed as a percentage by volume of the aggregate. The realtionship is as 
follows: 
Absorption coefficient = mass of absorbed water 
mass of dry aggregate 
Porosity coefficient = volume of absorbed water 
absolute volume of porous stone 
Porous density kg/m~ = mass of dry aggregate 
absolute volume of porous stone 
••• equation 3.7 
equation 3.8 
equation 3.9 
Porosity coefficient = absorption coefficient x porous specific gravity 
The overall absorption coefficients and porosities were calculated for each 
sample in Appendix A.4 according to equations 3.2 and 3.3, and are shown 
below in Table 3.13. 
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The overall values are fairly constant for samples 1 to 10- 6.0 to 7.9% for 
absorption and 13.5 to 16.8% for porosity. The values are slightly higher 
for the stockpile because the five size fractions were individually tested 
as opposed to only three fractions in the others. The overall values may 
certainly be used to compare one recycled aggregate to another in terms of 
porosity and therefore the absorption potential it will have in the concrete 
mix. 
SAMPLE OVERALL ABSORPTION OVERALL POROSITY ABSORPTION OF 19mm/.~ 
(%) (%) FRACTION (%) 
1 7.7 16.8 6.7 
4 6.8 14.8 6.2 
5 7.2 15.6 5.8 
6 7.1 15.5 6.4 
8 6.9 15.3 5.8 
9 7.9 16.8 7.9 
10 6.0 13.5 5.0 
S/P 9.3 19.0 6.8 
It is far more valuable to have these coefficients avaliable for the indiv-
idual size fractions of these aggregates because if a recycled stone siie of 
13.2 - 19.0 mm is to be used, then the exact absorption coefficient may be 
used in the mix design. The values of absorption for the 13.2 to 19.0 mm 
fractions are also reflected in Table 3.13. 
The results in Table 3.6 indicate that the porosity and absorption coeffic-
ient increases as the size fraction of the recycled aggregate becomes 
smaller. This indicates that the impervious natural stone of the parent 
concrete concentrates itself in the Large-size fractions. Thus, 13.2 to 19.0 
mm particles contain a greater percentage of stone than do 6 to 9 mm part-
icles. The content of the old mortar therefore increases as the particle 
size reduces, meaning that a recycled "sand" is constituted mainly of this 
old mortar. This also explains the high water demand of recycled "sands". 
The absorption coefficient will play a vital role in the mix design proce-
dures with recycled aggregates that are developed in Phase 2. 
The overall weight-densities o~the recycled aggregates fell into a narrow 
range of 20.12- 21.96 kN perm_, as can be seen from Table 3.6. The overall 
porous specific gravities of those aggregates were thus 2.05 to 2.24. Again 
it is more important to rather concentrate on the densities and specific 
gravities of the individual size fractions. 
From Table 3.6 it may also be noticed that the specific gravity of an ag-
gregate increases (in both the solid and the porous state) with increasing 
particle size. This again indicates how the natural stone of the parent 
concrete concentrates itself in the Larger particles. 
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It may also be observed how the saturated bulk density of the compacted 
aggregate becomes far more constant through the size fractions as compared 
to the dry bulk density, which follows the trend of reducing as the particle 
size reduces. 
The density and specific gravity values for the two most commonly used 
aggregate sizes, namely 13 to 19 mm and ? to 13 mm, are tabulated in Tables 
3.14 (a) and (b). 
These values, especially for the porous specific gravity, will be used 
extensively in Phase 2 in calculating the yield of recycled mixes and 
thereby the mix design of a recycled concrete. 
It was found in Section 3.2.4 that the recycled particles over 13.2 mm do 
not appear to bulk when wetted. In the 4.75 to 13.2 mm fraction there-
cycled coarse aggregates do however bulk, commonly around 6% with the 
highest recorded value being 10% for sample 5. 
Recycled sands will certainly be prone to bulking and the engineer who 
·wishes to work with high precision will certainly incorporate the bulking of 
the aggregate in his/her volume batching. 
2.:.2.:.Z.:. __ Ih!LH!:~Q9!h_Qf_8~£l£1~~L~99!:~9~!~§ I~ t" 
Two destructive tests were performed on the rec·~d aggregates to give an 
indication of their strengths. They were the ~~~nes crushing test 
according to BS 812 <*13), and the "Remoulded Peak Strength Test" devised by 
the author to model the compressive strength behaviour of recycled aggreg-
ates within a concrete. Details of both the tests can be found in Section 
3.2.5. 
The 10% fines tests was found to produce rather variable results and there-
fore was considered to be unsuitable to reflect on the behaviour of an ag-
gregate when constricted by the concrete mortar •. Sample 9 was visibly the 
strongest aggregate and yet the 10~ fines test only produced a value of 
170kN for it - which was the third largest out of eight samples. The range 
of values for this 13.2 - 19.0 mm fraction was 142 - 238 kN. 
The code requirements for the 10% fines crushing values are as follows: 
(i) BS 882 and 1201 <*15) 
Never less than 5 tons (44 kN); 
not less than 10 tons (90 kN) for concrete wearing surfaces, 
and 
not less than 15 tons (133 kN) for "granolithic" concrete. 
(i i) SASS 1083 (*14): 
Not less than 70 kN for concrete not subject to abrasion, and 
not less than 110 kN for concrete subject to abrasion. 
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These values are for the minus 13.2 mm plus 9.5 mm fraction. All the samples 
tested would therefore be acceptable for both grades of concrete, but again 
certain parties may argue that the code requirements are too rigid, and so 
some of the best aggregates are often used for low-grade concretes. The 10% 
FACT values of the recycled aggregates are shown in Table 3.8. 
As expected, the Remoulded Peak Strength Test produced the highest value for 
Sample 9, namely 71.4 MPa, which shows up the variability of the 10% FACT 
test. The correlation between the two values is very bad - in Section 
4.3.2.1 in Phase 2 a method of correlating a bi-variate sample is shown. The 
correlation coefficient r has the value here of 0.20, which shows a poor 
match. It was encouraging to see that Sample 6, which was visibly the 
poorest aggregate, was found to be the weakest in both tests. Its 10 % FACT 
value was only 142 kN and its remoulded peak strength 55.8 MPa. 
The range of remoulded peak strengths was 55.8- 71.4 MPa for the eight 
recycled aggregates. These values may be found in Table 3.10, which also 
shows the value of 78.2 MPa for the natural hornfels stone commonly used in 
concretes made at the UCT Civil Engineering Laboratory. Experience in this 
laboratory has shown that it is extremely difficult to make concrete of 
above 80 MPa in compressive strength by conventional means if this 13 mm 
hornfels aggregate is used. 
It is only when additional constituents such as water-reducing admixtures 
and silica fume are added that a 100 MPa concrete may be made using this 
particular aggregate. The remoulded peak strength thus gives a good indic-
ation of how the aggregate strength of the hornfels may be Limiting. 
The same concept will apply to the recycled aggregates that usually reach 
their peak strengths between 55 and 60 MPa. These values represent the 
highest possible concrete strengths that could be produced by conventional 
means.with these recycled aggregates. 
It is therefore recommended that, although remoulded strengths of up to 70 
MPa may be possible with recycled aggregates, only cube strengths of up to 
50 MPa should be used, particularly with these aggregates. The user should 
in any case check to see that the recycled stone has this capability by 
carrying out the simple te~t described fully in Section 3.2.5.2. 
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The main contaminants that may be preent in recycled aggregate are: 
A 
(i) soluble deleterious impurities (chemicals); 
(ii) organic impurities; 
(iii) sulphates (gypsum), and 
(iv) chorides. 
If soluble deleterious impurities or organic impurities are present in an 
aggregate, then the aggregate may still be used in a concrete, provided that 
the strength drop is not more than 15%, as recommended by SASS 1083 (*14). 
The ASTM standard (*16) has a similiar approach, but the permitted reduction 
in strength is less. 
Sulphates such as gypsum interfere with the normal hydration of the cement 
and also reacts with the silicates and aluminates to cause expansion that 
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could be damaging. Unfortunately no Limit on sulphate content is given by 
SASS 1083, but Fookes <*18) has suggested the following Limits: 
(i) 0.4% by mass of aggregate, or 
(ii) 4.0% by mass of cement. 
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The Latter figure includes that sulphate (gypsum) included in the cement. A 
more relevant Limitation comes from the United States Bureau of Reclamation 
<*19), which restricts the amount of gypsum to 0.25% by mass of the coarse 
aggregate. 
Chlorides in concrete are considered to be undesireable because they induce 
corrosion of. reinforcing steel and also cause unsightly efflorescence on the 
concrete surface. SASS 1083 requires that the chloride content by mass per-
centage of the CL ion shall not exceed; 
(i) 0.01% in sand for pre-stressed concrete, and 
(ii) 0.03 in sand for all other concrete. 
Research experience by Young (*7) and Foundistou-Yannas (*5) has shown that 
these contaminants usually manifest themselves in the fines of a crushed 
aggregate. This means that recycled sands are far more prone to contamin-
ation than the coarse aggregates. These contaminants -especially excess 
chloride- are often easily removed by washing the aggregate. 
No contaminants, other than the sulphate in Samples 9 and 10, were found in 
the recycled sands that were tested by the Portland Cement Institute. How-
ever, if deleterious substances were present in a recycled aggregate, then 
there are methods by which they can be accounted for and their effects 
neutralized. 
As a summary of the properties of recycled aggregates, Table 3.15 shows the 
various values obtained for the recycled aggregate stockpile used in Phases 
2 and 3. It will be noticed that the tests were done for all five size 
fractions that the codes specify for coarse aggregate up to 26.5 mm. 
It 'is noticeable how the absorption coefficient and the porosity increases 
as the size fraction becomes smaller. The porous specific gravity also 
steadily reduces as the size decreases. These indicate that the stone from 
the parent concrete is contained Largely in the Larger diameter particles. 
This fact is also borne out by the similiar trend followed by the compacted 
bulk density and the absolute mass density. 
Figure 3.4 overleaf shows a plot of the different densities of the recycled 
aggregate versus the mean diameter of each size fraction. The trend of 
increasing density with increasing stone sjze is again borne out, but it is 
noticeable that, by saturating the aggreg~e, a degree of uniformity is 
reached between the different size fracti6hs. The compacted saturated bulk 
densities of all five fractions are seen to Lie in the narrow range of 1433 
to 1470 kg/m • 
A plot of the porosity and absorption figures for each size fraction of the 
recylced aggregate versus the mean particle diameter to a Logarithmic scale 
produces a reasonably Linear picture. These two plots are shown in Figure 
3.5, which follows. 
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In developing a suitable mix design method for recycled aggregates, three 
factors were taken into account to indicate what experimental work was re-
quired. The fir~!_f~f!Q[ is that the overseas research stresses the fact 
that "Lower strengths" result for recycled concrete compared to equally 
proportioned control using natural aggregates" - this is in contradiction to 
what this author has found in his BSc thesis <*20) where the recycled 
concretes were usually 10 - 20 % stronger than the control mixes. 
The discrepancy in these findings must be due to the fact that the overseas 
researchers have used wet-batched methods in preparing their mixes, and 
therefore the absorption of mix water by the porous recycled aggregate is 
eliminated. In South Africa dry batching of aggregates is the preferred 
method, and so the dry batching of recycled porous recycled aggregate has 
caused a reduction in the effective ~ater/cement ratio in the mix due to 
absorption of mix water. This causes the concrete to be "stronger" than the 
control concrete for the same apparent water/cement ratio. 
The ~~fQQg_f~£!Q[ considered was the recurring suggestion that recycled fine 
aggregate sand should be used with caution. The recycled "sand" is more 
prone to contamination by deleterious materials such as gypsum and glass, 
and should furthermore have a higher water demand than natural sands. This 
would be the case as recycled sands are similiar to crusher sands, which 
have a higher water demand than natural sands from riverbeds, pits and 
dunes. The merits and demerits of using fine recycled aggregates should be 
investigated and comparison made between its water requirements and that of 
natural sand. 
The !birg_f~f!Q[ considered is the comparison of mix designs for dry- and 
wet-batching to establish the most suitable and perhaps the most economical 
method. 
The aim of this part of this work is therefore to cover a spectrum of mix 
design and practical concreting parameters related to recycled aggregates 
and to establish a method of mix design for such concretes that is easy to 
follow and will produce reliable concrete. 
The moisture condition of the aggregates upon batching has always been 
a vital factor for consideration in producing concrete. In the Intro-
duction of Phase 1 in Section 3.1 mention was made of how Lightweight 
aggregates have become widely accepted and used worldwide as their 
technology has developed. The trend in the use of Lightweight aggre-
gates is to batch them in a pre-soaked state in order to eliminate the 
effects of th~ porosity upon the effective water/cement ratio and 
furthermore to bring the aggregate to some degree of uniformity in 
terms of moisture content. 
In the case of recycled aggregate, the effects of its porosity upon a 
concrete are even more pronounced in terms of effective water/cement 
ratio. This is because the pores of recycled aggregates are very small 
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and the water is able to penetrate throughout the entire part of the 
aggregate particle that is made up of the mortar - so it can effec-
tively remove a significant amount of water from the mix and retain it 
in its pores. On the other hand, the pores of Lightweight aggregates 
are usually Larger than those of recycled aggregates, and these pores 
are most often sealed because the water cannot penetrate the impervious 
matrix material of the aggregate. Therefore, Lightweight aggregates 
will not remove so much water from the mix water as to significantly 
alter the effective water/cement ratio. 
In attempting to bring an aggregate to a uniform moisture content 
throughout for a mixing and costing operation, the aggregate can: 
(i) be stockpiled in a very sheltered area where it will remain 
in an air-dried condition with a uniform water content, or; 
(ii) be oven-dried prior to mixing so that it is completely 
devoid of moisture, or 
(iii) be pre-soaked and handled in a manner that keeps it fully 
saturated and uniform. 
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In a laboratory, oven-drying of aggregate is usually easily done, but on a 
construction site the oven drying of large volumes of aggregates will be im-
practical and expensive. Stockpiling of aggregates is the usual way in which 
aggregates are kept on site and then "dry batched" from the stockpile. In 
the case of coarse natural aggregate, very little attention need be paid to 
the moisture content of the stone upon batching as it is negligible, even 
after rain. With the fine aggregate a daily record of moisture content is 
kept and the water content of the concrete mix is adjusted accordingly. 
If porous recycled aggregate is to be used on site, it would be possible to 
handle it in the same way as is done with sands, that is, stockpiled and 
daily moisture content checks performed. It could also be "dry batched" into 
the mix, or it may be more convenient to pre-soak the aggregate then wet-
batch it into the mix. A problem likely to be encountered is to achieve a 
uniform water content in the aggregate upon batching. The water that a 
porous aggregate will take with it into the mix from being wet-batched is 
firstly the pore water inside the particles, and secondly some degree of 
surface water wetting the particle. The pr6blem Lies therefore with the 
surface wetness rather than the water within the pores. But all that is 
needed is some standard procedure to take the aggregate from the watered 
stockpile, shake it, screen it, or which ever, and Leave a uniform surface 
wetness as it enters the mix. 
If no attention is paid to keeping the same surface wetness, a situation may 
arise where a strength drop may occur because an additional amount of water 
entered the mix via surface water of the aggregate and therefore increased 
the water/cement ratio. 
The amount of water required to produce a concrete mix of desired cement/ 
water ratio and slump is known as the water requirement. Since the coarse 
aggregate for conventional concrete is usually impervious and non-porous, 
the water requirement is dependent on the type of sand used. 
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The South African method of designing a concrete mix follows this concept, 
known as Water Demand Theory. The sand to be used is identified, and using 
other parameters such as stone content and maximum stone size, desired slump 
<workability) and method of compaction, the water requirement of ,mix is 
estimated. Many aids in the form of Listed values and adjustments are avail-
able to do this (for example, refer to the Fulton and Crawford handbook: 
*21). The cement/water ratio is derived from known strength charts and the 
cement content then calculated. In this way, all the mix quantities for 
stone, sand, cement and water may be calculated for 1m 3 of concrete. 
However, for the sake of comparing different sands, a standard set of para-
meters have been defined for a concrete mix, and this particular mix's water 
requirement becomes know as the ~~~!~[_Q~~~QQ~ of that sand. The ~!~OQ~[Q 
g~fioi!iQO is: 
"The water demand of a sand is that amount of water required to 
produce-1m3 of concrete of slump 7Smm using a maximum stone size 
of 19mm." 
The cemeRt ~eRteRt er desired strength does therefore not contribute to the 
water demand. 
Fulton (*17) suggests that sands of water demand exceeding 220 litres per 
cubic metre should be avoided for concrete manufacture, as they cause an 
increase in the cement content required for the desired strength- the 
concrete produced is therefore more expensive. 
Various terms describe how a concrete mix behaves whilst being mixed, 
transported, placed, compacted, and surface finished. Terms such as: 
workability, plasticity, consistency and mobility are used to describe these 
concrete characteristics, but in fact have been defined for different 
attributes of the mix. 
Granger <*22) has defined ~Q~iii!l as applicable to plastic con-
crete in the same sense that "fluidity" is applied to liquids, 
that is, the reciprocal of viscosity. 
Po~ers <*23) has defined ~i~~!i£i!l as that property of concrete 
by virtue of which it may undergo the process of moulding without 
losing its continuity, without rupture. 
£QO~i~!~O£l is generally considered to relate to the wetness or 
dryness of the mix, but it has been very closely associated with 
the standard slump test as the term used to describe the fresh 
concrete. 
The term most applicable to the handling, transportation, placing 
and compaction of concrete is ~Q[~~~iii!l· This has been defined, 
for example, by Powers <*23> as "that property of the plastic con-
crete mixture which determines-the ease with which it can be 
placed, and the degree to which it resists segregation". The Bri-
tish Road Research Laboratory has a more technical definition 
(*24): ' 
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"Workability being that property of concrete which determines the 
amount of useful internal work necessary to produce a full 
compaction." 
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Confusion sometimes arises when attempts are made to define "workability", 
and this is attributed to the fact that "workability" is not a single, but a 
composite, property. According to the Cement and Concrete Association of 
Australia (*25) the property includes: 
(i) 
( i i) 
( i i i) 
( i v) 
(v) 
The effort required to cause the concrete to assume a 
required shape; 
the effort required to compact the concrete; 
the degree of resistance to segregation; 
the degree of resistance to bleeding, and 
the effort required to produce a satisfactory surface 
finish. 
< 
" There are various tests for "workablity", listed below, which will not be 
described in detail here, as they tre discussed in various concrete text-
books such as Fulton <*17) and Neville <*26). The tests are: 
( i) 
( i i) 
( i i i) 
( i v) 
(v) 
Flow test. 
Ball penetration test. 
Slump test. 
Compacting factor test. 
Vebe consistometer test. 
The slump test is the most commonly used. Indeed, South Africans rarely use 
any of the other tests. 
Two more factors that may be noted relating to the slump of concrete is 
that: 
(i) Rapid-hardening cement will reduce the slump of the concrete 
mix by 30 - 40 mm if it is substituted for ordinary Portland 
cement because of its greater fineness (*17). 
(ii) The Larger the stone size, the lower the water demand of the 
sand to be used, or conversely, the smaller the stone size, 
the less the slump. This is because of the increase in spec-
ific surface of the aggregate (*17). 
It is a known fact that increasing the stone content of mix results in a 
greater yield of concrete, and so too much cement and sand in a mix might be 
uneconomical. A well-balanced concrete may be considered to be one in which 
the amount of mortar exactly fills the packing voids of the coarse aggregate 
and also covers the surface with a thin layer. 
In theory, one could calculate exactly what volume of mortar would make that 
ideal balance, but in practice the mortar''interferes''with the packing of the 
coarse aggregate and a mortar deficiency will result. This means that there 
wil not be enough mortar to fill the packing voids and cover the surface. 
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For most concreting applications, it is usually desirable that there be an 
"excess of mortar" such that all the packing voids are filled and the small 
amount of mortar still covers the top surface of the casting. In this way a 
smooth finish may be achieved whithout any stones protruding from the 
concrete. 
~~1~2~1I __ !b~Qr~!i£~l-~2r!~r-~~f~~~-~!~~2 
,~;6ene:--
For a particular concr of known constituent properties, the 
value of mortar excess may be calculated by considering the volume 
of mortar present again t the expected volume of packing voids ex-
pected from the c in a compacted state. This value is known 
as the "theoretical mortar excess" and is expressed as a percen-
tage of the bulk volume of the compacted stones. 
In practice, however, this calculation will greatly overestimate 
the amount of excess mortar that would measured, because it as-
sumes that the coarse aggregate particles remain closely packed 
during the compaction of the concrete. But in reality, the mortar 
squeezes in between the coarse particles, forcing them apart and 
thereby increases the volume that the mortar would have to fill in 
the concrete matrix, and so the TME will not result, but a lesser 
value instead. 
For the reasons stated above in Section 4.1.5.1, the "actual 
mortar excess" is much less than the theoretical mortar excess. 
The AME may be measured by poking a ruler into the fresh concrete 
surface and measuring the depth of mortar before reaching the 
coarse aggregate. The excess is again expressed as a percentage of 
the bulk volume of the coarse aggregate packing. 
For most concreting jobs it would be desirable to have an AME of 
approximately ten percent, as this will allow adequate surface 
finishing of the concrete. 
Two identical mixes of a typical concrete will be made using the same 
amounts of water and cement, and the same natural impervious stone. Klip-
heuwel sand will be used in the first mix, and recycled "sand" in the 
second. When the mixes have been prepared they will be brought to the same 
slump value of 75 mm by standard adjustment methods, and the final water 
contents will be compared. Cubes will be cast from each mix to test the 
compressive strengths of each mix. 
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Rapid-hardening cement will be used and both the sand types will be oven-
dried at 105°C for 24 hours before use. The cubes will be water-cured and 
tested after seven days. 
The cohcrete should be of medium strength, so a water/cement ratio of 0.70 
was used. From the Fulton and Crawford booklet <*21) a suggested stone con-
tent for the vibro-compacted conc~ete with maximum stone size of 13 mm is 
1000kgfm3. The water demand of the Klipheuwel sand of fineness modulus 2.13 
was estimated to be 200 Litres/m3. 
The mix quantities were calculated to be: 
stone = 1000kg/m 3; water = 200 Litres/m3; water/cement = 0.70. 
cement content = 20010.70 = 286 kg/m3, rounded off to 280 kg/m3. 
3 So, to find the mass of sand required to produce 1m of concrete, the 
following formula is used: 
mass of stone~ mass of sand + mass of cement ~ mass of water /1000 = 1m 3· 
RD stone RD sand RD cement ~•-· RD water 
(equation 4.1) 
where the relative densities (RD) or specific gravities of the materials 
are: 
Natural stone= 2.72; cement = 3.14; 
natural sand= 2.72, and water= 1.00 
The mass of sand required is: 
The natural hornfels aggregate in the UCT Laboratory was found to be very 
dirty and badly screened, and thus contained both Large and small particles. 
A sufficient quantity of this coarse aggregate was then sieved to get a 
"single-size" stone of diameter 13.2 to 19.0 mm. The stone was then washed 
to remove the dirt, and oven-dried at 105°C for 24 hours. 
When the constituents of the final mix were placed in the mixer, it was 
found that the water demand of the sand had been grossly overestimated. Two 
successive mix adjustments did not bring the mix slump down to 75 mm. The 
mix was then aborted and a second attempt made. This time the water was 
added in small amounts until the required 75 mm slump was reached. 
The batched quantities of solid constituents for MIX 1 were: 
stone = 9000 g <13.2 - 19.0 mm) 
sand = 8370 g <Klipheuwel sand; FM = 2.13) 
cement = 2520 g (rapid-hardening cement) 
After 1000 ml of water had been added, the slump was still zero. With 1300 
ml of water, the slump was only 20 mm. At 1585 ml the slump reached the 
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desired value of 75 mm. In casting the four 100 mm cubes it was noticeable 
that a Large mortar excess existed in this rather sloppy mix. 
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The second mix was made using the same proportions as for MIX 1, except that 
a recycled "sand" of fineness modulus 3.18 was used. The maximum particle 
size of this recycled sand, taken from the stockpile of crushed rubble, was 
4.75 mm, whereas the maximum sized particles in the Klipheuwel sand were 
only 2.38 mm. The grading of these two sands is detailed in Appendix A1. 
The batched amounts of solid constituents for MIX 2 were: 
stone = 9500 g (13.2 -19.0 mm) 
sand = 8835 g <recycled sand, FM = 3.18) 
cement = 2660 g (rapid-hardening cement) 1 
..[I U-14-1,P-
The water was added incrementally: after 2000 ml there was no ~~~; 
at 2610 ml the slump was 55 mm; at 2730 ml the slump was 65 mm, and at 2815 
ml the slump had reached the desired value of 75 mm. Again, the mix was 
sloppy, with a Large mortar excess. This procedure was carried out in a 
relatively short time and was done in a draft-free, cool environment, and so 
litte, if any, evaporation from the mix would have occurred. Four 100 mm 
cubes were then cast. 
If the slump of Mix 2 is plotted against the amount of water added, as in 
Figure 4.1 overleaf, a fairly straight Line is produced, as expected. The 
coarse "rubble sand" <or recycled sand) reduces the workability of the con-
crete, especially in the Lower slump region, but once sufficient free water 
is available to Lubricate the particles, the slump follows the Linear path 
shown. 
From the batched quantities, the "per cubic metre" quantities are now cal-
culated to enable comparison of the two mixes (equation 4.1 from before is 
again used). The volume of a mix is calculated for the quantities batched 
and these are then scaled up so that one cubic metre of concrete would be 
produced. 
For MIX 1 with the Klipheuwel sand: 




batched volume = [ 9.000~+ 
2.72 
= 0.008 744 
scale factor = 0.008 774 
= 9.000 kg 
= 8.370 kg 
= 2.520 kg 
= 1.585 kg 




1.585 l . 1000 m3 . 
1 .00 
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per 1 m of concrete: stone = 1026 kg 
sand = 954 kg 
cement = 387 kg 
water = 181 kg 
for a 75 mm slump with a 13 mm nominal stone. 
For rux 2 with recycled "sand" of relative density 2.65: 




= 9.500 kg 
= 8.835 kg 
= 2.660 kg 
= 2.815 kg 
MIX 1 
KL ipheuwel sand 
batched volume = [ 9.500 ,.t,,8.835.:+2.660 +,2.815]71000 m3 
2. 72 2.65 " 3.14 '1.00 
= 0.010 489 m3 
scale factor = 0.010 489 = 95.340 
per 1 3 of. concrete: stone 906 kg m = 
sand = 842 kg MIX 2 
cement = 254 kg Recycled "sand" 
water = 268 kg 
for a 75 mm slump and a 13 mm nominal stone 
The water requirements of the two sands for 1 m3 of concrete with 75 mm 
slump and 13 mm stone size, using rapid-hardening cement, are: 





The standard definition used by the Portland Cement Institute of South 
Africa for water demand is for 1 ~ of concrete with 75 mm slump and a max-
imum stone size of 19 mm. Tables in Fulton (*17) suggest that 10 Litres/m 
have to be subtracted from these figures to get them to correspond to the 19 
mm stone size. This is because the smaller the stone size in the mix, the 
higher the specific surface area of the stone, and therefore the Lower the 
slump ·(workability). If ordinary Portland cement had been used instead, the 
two figures would be slightly Lower by the same amount, as the slumps of OPC 
concrete are generally 30 to 40 mm more than RHC concrete. 





The water demand of the recycled "sand" is therefore 51% more than that of 
the natural sand, and in using this sand for concrete, the cement content of 
the concrete mixes produced would have to be higher than those concretes 
using natural sands to attain simili~r strengths (cement/water ratios). 
Fulton suggested that sands with water demands exceeding 220 Litres should 
be avoided for this reason. 
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R6.00 per SO kg pocket. 
R21.00 per tonne, 
R10.00 per tonne, 
negligible. 
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A cost comparison can now be drawn between the two mixes. It is assumed that 
recycled "sands" will be cheaper than natural sands- at say R9.00 per tonne 
- otherwise concrete producers would not consider using it. 
Cost of MIX 1 with Klipheuwel sand: 
cost = (1.026 * 21) + < 0.954 * 10> + (287 * 6/50) 
= R65.53 per cubic metre 
Cost of MIX 2 with recycled sand: 
cost = <0.906 * 21) + <0.842 * 9) + <254 * 6/50) 
= R57.08 per cubic metre 
The mix with the recycled "sand" is marginally cheaper, but it should be 
noted that as its cement/water ratio is only 0.95 compared with the 1.59 mix 
of the natural sand. Experience in the Laboratory indicates that recycled 
sand does not withhold any of its absorbed water from the hydration process 
and the effective cement/water ratio is then not altered. 
MIX 2 will therefore be much weaker than MIX 1 and a cost comparison should 
only be made if they have equal strength potential, that is, equal cement/ 
water ratios. 
A calculation can be made to bring MIX 2 with the recycled sand up to the 
same cement/water ratio as MIX 1. 
water requirement 
desired cement/water ratio 
cement content 
mass of stone and sand 
= 268 Litres/mJ 
= 1.59 
= 425 kg/mJ 
= 2.72 * 1000 - (268 + 425 
3.14 
= 1623 kg/m 3 
Use the same stone/sand ratio as before, therefore: 
sand content = 782 kgfm3 
stone content = 841 kgfm3 
The mass of sand may be reduced as it is Less dense than the 
stone, and for the calculation a common value equal to the rela-
tive density (RD) of stone was used - the RD of the recycled 
"sand" was 2.65. 
sand content = 782 * 2.65/2.72 = 762 kgfm3 
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the volume of the quantities may be checked hy: 
volume = [ ~-. + _!R, ~- 42~~ ,_~+~. 268 ]-:- 1000 = 
2.72 2.65 - 3.14 1.00 
40 
1 .000 m3 
It is assumed that the two mixes will now produce approximately equal com-
pressive strengths and the cost comparison is again made. The cost of MIX 1 
per cubic metre of concrete with Klipheuwel sand was R65.53. The cost of MIX 
2 is now: 
cost = <0.841 *21l + <0.762 * 9) * <425 * 6/50) = R75.52/m3 
There is therefore R10.00 difference between the two concretes, using a 
hypothetical price of R9.00 per tonne of recycled "sand". In using the re-
cycled sand to produce this medium-strength concrete, the increase in cost 
is therefore 15.2%. It is therefore recommended that recycled "sand" be used 
with caution, or simply avoided, not only because it produces more expensive 
concrete, but also because it may contain contaminants that could have harm-
ful effects on the concrete in the long term. 
The hypothetical cost of the recycled aggregate given above is pessimistic, 
as in the United States recycled aggregate can cost as Little as half the 
price of natural aggregates <*9). 
At seven days age the cubes were weighed and tested. The results are shown 
in Table 4.1 below. 
SAND TYPE SPECIMEN WEIGHT feu MEAN VALUES 
NUMBER (g) CMPa) 
Klipheuwel 1 • 1 2459 34.4 w = 2465 g 
sand 1.2 2455 32.8 feu = 33.2 MPa 
FM = 2.13 1.3 2456 32.6 
1.4 2490 33.0 
Recycled 2.1 2332 15.0 w = 2323 g 
"sand" 2.2 2310 14.4 feu = 14.2 MPa 
FM = 3.18 2.3 2327 13.5 
2.4 2324 14.0 
The density of the concrete in MIX 1 was therefore 2465 kg/m3 with a mean 
cube strength of 33.2 MPa. The density of the concrete in MIX 2 was 2323 
kg/m3, which is about 6% less than MIX 1, and its mean cube strength was 
14.2 MPa. 
It may be worthwhile to comment on the failures of the two sets of cubes. 
Upon inspection of the crushed cubes, both sets seemed fairly crumbly 
internally, indicating that they may have been oversanded and it may be 
remembered that both mixes had a large mortar excess. The difference in 
coarseness of the mortar could also be s~en, and some of the larger partie-
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Les near 4.75 mm could be seen in the mortar of.MIX 2. The cubes of MIX 1 
failed at distinct values with no hesitation or recovery occurring as their 
f£~S were reached. The cubes of MIX 2 with the recyled sand had distinct 
hesitation occurring at exactly 13.3 MPa each time (94% of f£~) but then 
recovered to fail at a slightly higher value. This is probably due to the 
aggregate interlock of the coarse sand particles and the "work hardening" 
type of effect it has on the concrete matrix. 
~[Q£~Q~[~~ (WET BATCH) 
From the factors discussed in Section 4.1.1 it was decided that a wet-
batching method would be investigated whereby the coarse recycled aggregate 
is pre-soaked in water to allow full absorption to occur, and then batched 
into the mixer. Recycled "sand" was not used, but rather the coarse natural 
pit sand available in the Western Cape, namely the Klipheuwel sand with a 
fineness modulus of 2.13. The aggregate size used was the most commonly used 
"gap-graded" or "single-sized" aggregate of diameter 13.2 to 19.0 mm. Rapid-
hardening cement was used so that strength results could be obtained at the 
seven-day age, and for the sake of comparison, the seven-day RHC strengths 
may be assumed to be approximately equivalent to the 28-d~y strengths for 
OPC. The only real difference is that in using RHC the workability of the 
concrete is reduced somewhat, and the corresponding water requirements for 
OPC are slighty Less than for RHC. 
Concrete mixes were made in which the stone/sand ratio and the water/cement 
ratio were varied: 
Stone/sand ratios by weight: 
















For each mix the slump was approximately 60 mm and the mortar excess or 
deficiency was measured and compared to the calculated theoretical value. 
Cubes were cast from each mix and their compressive strengths determined at 
seven days, as rapid-hardening cement was used. 
In the water demand test from Section 5.2.1, the water demand of the sand to 
be used was 171 Litres per m3 - this was for the same stone size that was 
used in these tests. In a trial mix where the coarse recycled aggregate was 
wet-batched (filled pores and surface-wet condition), the water requirement 
for the same sand and the desired slump of 60 mm was found to be 163 litres 
per cubic metre. 
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Ctntnt Watcf Wa.tc'f Cerrtertt A~~re~atc. 
R.Qtio ( ks 1 "e) ( k3/ rt1 ) ( kl I "'1 ) 
1. 00 ib3 lb3 2051 
1. 25 1b3 204 2023 
1. 50 1~3 2+5 1~89 
1.15 1b3 285 1955 
2.00 163 32b 112.1 
2.25 1b3 3h1 1881 
2.50 lb3 408 1853 
2. 15 163 448 18iq 
3.oo 1(,3 +sq 1185 
. TABLr 1 2... Co.lcl.lla.bort of Mix 9uan.tihc:s fer the. 1"'\i'lCtS 
f.n be. te.ste.d \n fHASE 2. 
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The cement contents of each variation in cement/water ratio was calculated 
by multiplying the cement/water ratio applicable by 163 kgfm3. 
The calculation of the recycled stone and natural sand contents was then 
done: 
The specific gravities, or relative densities, of the two materials were: 
Coarse recycled aggregate 
Klipheuwel sand 
2.60 (from Phase 1 tests) 
2.64 (from Davis, *28) 
for calculation purposes the average value of 2.62 was used. 
Equation 4.1 was used again for this calculation: 
Let the combined massfm3 of stone and sand be A 
A = 2.62 * (1000 -.cement - water) 
3.14 
if cement is denoted by ~, water by W and the cement/water ratio by f, 
then: 
A = 2.62 * (1000 - fW - W) 
3:14 
••• equation 4.2 
The quantities ·of·mix materials required can be seen in Table 4.2 overleaf. 
The variation of the stone/sand ratio was then calculated from the total 
fine and coarse aggregate figure ~ that was calculated using equation 4.2. 
The final set of mixes that were to be done with their mix quantities 
specified were then established by splitting the aggregate into the approp-
riate ratio. Allowance was made for the absorption of the recycled stone, 
this was done by dry-batching the aggregate and then adding the appropriate 
quantity of water that the mass of stone would have absorbed, but wet-
batching of the aggregate had been decided on previously. This meant that 
the figure calculated for the dry stone was adjusted by some factor so that 
the wet-batched stone would include the absorption figure. 
In other words, the aggregate could have been oven-dried, and then the 
figure of 6.77% in additional water (found for this particular recycled 
aggregate) added to the mix to cancel out the absorption effect of the 
porous stone. But this is a rather Laborious process, and· not practical for 
site conditions and so it would be much easier to soak the aggregate in 
water overnight and then simply batch 106.77% of the dry mass of stone 
calculated. The adjustment factor mentioned was therefore 1.0677. 
The possible absorption of water by the fine aggregate had been fully 
accounted for in the water requirement figure of 163 litres/m3 • It was, how-
ever, required that daily checks be made and the total water content of the 
mixes then adjusted accordingly. These moisture checks are reflected in Ap-
pendix A6, and the correction to each mix is shown on the respective result 
sheet shown in Appendix A6. 
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Mix · t"\ix ~t'WU1- '.JA1U CEMtHT s~HD DRT SToKE. Wrr-5nN. 
MUI'IIrt CoDE tatio ( t I 'f"l' l ( k:' ,,... ) ( \:9 '"') (Its ,,•) ( ~ ,,. ) 
1 100-20 1.00 1"3 J."3 -411 11.-4'- HH 
2. 100-30 1.. 00 ib3 1'-3 "17 1+10 1"531 
3 100-<40 1·00 u.~ u;~ 823 12.H 13lll 
... .100- 5o 1· 00 1l.3 1l.3 1026 1026 .1018 
5 1oo -1.0 1·00 ih3 .1b3 .123-t 82~ 816 
I. 125-2o 1·25 ll.3 dOi -105 1£.10 H2B 
7 125- 3o 1·25 .11.3 20+ l.07 .1+11:. 1512 
8 125 -"'10 1·25 1{.3 2()-4 Bo't .1.21-f .12!'" 
If 125 -5o 1-25 1~3 104 1011 10!1 J08o 
1o 115-~0 1·25 1{.3 2o-t 1214 Bo'f 6t.4 
L1 15o-ZO 1·So 1b3 H5 ,8 15H .H.11 
12 1~-~ 1 ·so 11.3 2.-tS 5'\T 1312. Ha1 
13 15o-"1> 1·5o 11.3 HS 1% 1L'3 12H 
H !5o-5o 1·5o 11.3 H5 ~1-+ 1H 1oc.2. 
15 lSO-(.o 1·50 1~'5 2-f5 11B 1'11. &+'I 
1' 115 -2o 1-15 11.3 265 3U 15'-'+ 1"10 
11 11S·3o J ·15 1~3 285 5~ 13l.& 1-ii.l. 
18 115--40 1·15 .1(.3 2!5 182. 111.3 1252 
H 115-SO 1·75 1~3 285 ,.H H-i 10++ 
2o HS-~ 1·15 11.3 285 1113 111'2. 8~5 
2J 2oo-20 .2.·00 .1b3 3~ 3&+ 19l jb<f1 
22 ~·3o 2·00 !b3 32b m .13-45 H3b -
23 2crl--4o 2·00 1(.3 32b "'8 .1153 1231 
H Zoo-so 2·00 1b3 32" ,(,0 11.0 1o25 
25 20CHrO 2·00 11.3 321. 115'3 lbe 820 
~ 225-20 2·25 11.3 3(.1 311 .1510 11.!2.. 
2i 225-3o 2·15 1b3 3H 5"" 1321 H1o 
28 22S--fo 2·%5 11.3 ~l 15'5 1132 no• 
2'1 225-50 2·25 11.3 3,,., 1-+3 ,"t3. 11Xl1 
30 225- (,o 2·25 JC.3 3b1 1132 155 ttio 
31 25o-zo 2·50 Jl.3 <4<>8 311 H82 15!3 
32. 250-30 2·50 1C.3 4oe 55" 12'1 J3!5 
33 250--40 2·5o 11.3 -4<>S Ht .1112. i181 
3-4 15o-SO 2 ·So 1b3 ~ ,2b ,2" 'Y81 
35 250-(,0 2·50 1C.3 -toe 11!2. 1--fi 1'11 
~ 27S-Zo 2·i5 1(,3 4-f6 3(.+ H55 15?-4 
31 275-30 2·15 1b3 +f8 S+b 1213 1351 
38 ns-10 2·15 11..3 "'H8 128 1oU 111.5 
3~ 215-So Z·15 ib3 ·i-48 'l'tl, ,0, '111 
"'1o 275-l.o 2·15 1b3 +46 10U 128 lH 
41 3oo-2o 3·00 1b3 t8, 351 H28 1525 
42 3oo-30 3·00 1b3 4S, ~5 i2<f, i33f· 
-l3 300--40 3·00 1b3 4t, 11+ 1071 lt.H 
+t ~-So 3·00 1b3 48, 8,2 812 ,!i3 
45 3ocHO 3·00 1b3 ~8, 101! 114 A2 
.43 
The final test mix quantities are shown in Table 4.3 overleaf. There are 
nine different cement/water ratios and five different stone/sand ratios, 
therefore, 45 mixes in total. Each mix has a number from 1 to 45, as well as 
a mix code based on its cement/water ratio and sand percentage. For example: 
a mix of c/w = 1.75 and stone/sand= 60:40 will have the code 175-40. 
1. Batch the quantities of materials into the mixer once the 
specified masses have been weighed out. 
~~I= saturated natural aggregate= dry mass <DST) * 1.0677; 
§ =air-dried Klipheuwel sand <moisture content to be checked); 
C = rapid-hardening cement; 
W = water; 
2. Once the water has been added to the mix, the mixer must be Left 
to run for two minutes to allow thorough mixing. 
3. Perform a slump test, a Vebe test, and measure the mortar excess, 
in the Vebe container. The aim is to get the slump to between 50 
and 70 mm. If the slump is more than 70 mm, then add more sand and 
stone in the correct proportions to reduce the slump. If the slump 
is Less than SO mm, then cement powder and water in the correct 
ratio should be added and the slump test redone. It is best that 
only one attempt be made to correct the slump, otherwise the mix 
will stiffen as time elapses and subsequent slump values will be 
inaccurate. ALL observations made should be recorded on the result 
sheet for each mix. These sheets are shown in Appendix A6. 
~ere--6-e:r 
4. At Least four 100 mm cubes should be made and as much steAe as 
possible should be fitted into each cube whilst it is vibro-
compacted for 60 seconds. The cubes should then be weighed and 
tested in compression at the age of seven days. 
1. Actual Mortar Excess (AME) 
H 
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The actual mortar excess may be measured by poking a ruler into 
the surface of the concrete in the Vebe test container once the 
container has been vibrated for at least 75 seconds more than the 
vibration time required for the Vebe test itself. The value of the 
AME percentage is determined as follows: 
The height of container ~ is known: ~ = 199 mm. The clear height 
b and the depth to the aggregate Q must be measured for each 
sample. The value g is taken as the mean of several measurements. 
The AME is then: 
AME % = [ ___i_ l 
H - n 
X 100% equation 4.3 
Therefore, for a 100 mm cube mould, the AME is merely the depth d 
in millimetres, as the mould should be completely filled. 
2. Theoretical Mortar Excess CTME) 
A formula to give the theoretical mortar excess of a concrete mix 
will be derived below and will be used in these tests. 
From the discussion on TME in Section 4.1.5.1, its value as a per-
centage will be given by: 
[
volume of mortar - volume oi voids of compacted stone ] ~ 100% 
bulk volume of compacted stone 
In Phase 1 testing it was found that the voids volume was equal to 
39% of the compacted bulk volume for the 13.2 to 19.0 mm fraction 
of the recycled aggregate stockpile. 
The volume of the packing voids therefore equals 0.39 * mass of 
the dry stone divided by the dry bulk density of the stone. In 
this particular case, the stone is wet-batched and so the the 
volume of voids equals 0.39 * mass of saturated stone divided by 
the saturated bulk density, which is known to be 1433 kg/m 3• 
voids volume = 0.39 * §§! I 1433 m3 
where §§! is the mass of the saturated recycled aggregate. 
The volume of mortar <sand, cement and water) is then: 
mortar volume = [ w + 
1 .00 
C + _L J + 1000 m3 
3.14 2.64 
where the masses of~, ~,·a~d §are in kilogrammes. 
The bulk volume of the compacted saturated recycled stone is equal 
to the mass of saturated stone Ckg) divided by the saturated bulk 
¥elu~e Ckg/m 3 ). Therefore equation 4.4 becomes: 
clen.c-e:tr 
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0.39 * §§I ] 
1433 
X 100% 
A calculator programme was written to produce the value of the TME 
upon entering the masses of each mix co~stituent. 
45 
(i) The test mixes were started off with the 1.SO water/cement ratio 
after a trial mix had shown that the 170 Litres/m 3 initially used had 
produced a 100 mm slump rather than 60 mm. The water requirement was 
then reduced to 163 Litres/m and the mix quantities recalculated as 
has been shown previously in this section. Details of this trial mix 
are under "MIX 13" in Appendix A6. 
(ii) The mixes with the stone/sand ratio of 80:20 were found to be defici-
ent in mortar and the casting of the cubes from such concrete was 
very difficult. Eventually, the mixes were no Longer made with 
cement/water ratios greater than 2.2S. 
(iii) The mixes with Low cement/water ratios <below c/w = 1.7S) showed 
signs of segregation, especially when the sand content was Low and 
the slumps higher than SO mm. In the process of segregation, the 
coarser sand particles sink down through the mortar and collect at 
the bottom of the concrete mix, whereas the cement and water paste 
tends to gather at the top of the concrete. 1his is an undesirable 
situation as the cement/water ratio now varies across the depth of 
the concrete section to be cast. The richer cement/water ratios of 
over 2.00 did not segregate as the mortar was sufficiently sticky to 
prevent the sand particles from sinking. 
(iv) The slumps measured in the mixes with a Low sand content <20% and 30% 
of total aggregate) were found to be erratic as the stone particles 
Lock against each other as there is not enough mortar Lubrication 
between them. The situation sometimes arose where the slump would 
either be zero, or else the slump cone would simply collapse giving a 
high and unrealistic slump- this was for the same mix. In such 
cases, the "true" slump was estimated based on the manual handling of 
the mix and personal experience. 
(v) The mixes with the SO% and 60% natural sand fractions produced very 
workable concrete in the broader sense of the term, that is, even if 
the slump was as Low as 30 mm, it was still easy and pleasant to work 
with, did not segregate, and was of good consistency. This was 
especially so for the cement/water ratios of 1.7S and above. These 
concretes would be ideal for hand-placing and were very responsive to 
vibration~ They were certainly somewhat oversanded - especially the 
60% sand mixes - as their AME values show. 
(vi) After a number of mixes had been made and their slumps adjusted to 
near 60 mm, it was found that the 163 Litres/m 3 water requirement was 
somewhat off the mark for stone/sand ratios other than SO:SO and 
60:40. When the batched quantities of the finally acceptable mix were 
brought to "per cubic metre" quantities by the method to be shown 
below, the more accurate water requirements were~seen to be: 
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recycled stone/natural sand = 80:20 between 120 and 130 litres/m3 
recycled stone/natural sand = 70:30 between 130 and 160 litres/m3 
recycled stone/natural sand = 60:40 between 150 and 170 litres/mJ 
recycled stone/natural sand = 50:50 between 160 and 170 litresfm3 
recycled stone/natural sand = 40:60 between 170 and 190 litres/mJ 
The lower value would apply to the lowest cement/water ratio and the 
higher value to the highest cement/water ratio of 3.00. The values 
shown in Table 4.3 were then recalculated and the adjusted quantities 
were entered on the test sheet for each of the mixes made - these 
results are in Appendix A6. Mixes 44 and 45 with a cement/water ratio 
of 3.00 were omitted as such oversanded and rich recycled concrete 
would seldom, if ever, be made. 
(vii) Once a mix had been adjusted to the required range of slump, the per 
mJ quantities were recalculated. The calculation is somewhat tricky 
this time though and it is because of the fact that the absorbed 
water inside the recycled stone pores does not contribute to the 
volume or yield of the mix. · 
The idea is to bring the saturated mass of stone to an equivalent 
mass of dry recycled stone by reversing the adjustment factor of 
1.0677 that was used to establish the mass of we~ stone that was 
batched. The bulk volume of the dry stone would then be the same as 
the bulk volume of the saturated stone and this is the volume in the 
mix that the stone fills. 
Let the mass of saturated stone be §§I, the mass of 'the sand be §, 
the mass of cement be f, the mass of water be ~, the mass of dry 
stone be Q§I and the volume batched be ~-
Then: 
v = 
DST = §§!/1.0677 
[ 






~ J -;-1000 m3 • equation 4.1 
The "per cubic metre" quantities are then: (kg/m 3) 
recycled stone : §§I 1 = [Q~IJ* 1.0677 
sand §I = S/V 
cement ~1 = f/~ 
water w = W/V -I 
where the subscript of 1 refers to the quantity for one cubic 
metre of concrete. 
A calculator programme was again written that produced these amounts 
per cubic metre (after the correction for the moisture content had 
been done - see the test sheets of the mixes.) 
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P. Q Q 3 _,i,...../~1 I ,_l~i<::r:::IC:X::I~ 
UAltHED uANriri£5 uANTiti£5 ru. M ~ ~ ~ · ~, ~ ~; 8 ~ · ~ ..::_ 
( 1tQI'If'lt5) ( k3/ M3 ) -2._ ~. __, ~.<~: ~ -~! ~ u. ~ ~~~ 
MJX 
(ODE 
5t* 5 I 5t*: I I ~ 3 ~ :i: ~ ~; ·~ ~' ~ :---; ~ C :W 1S C W ~;~ ~:~~~ ~~~,3:d:~ 
1oo-zo BSoo i 11es 'I S4J : 5-43 1!114 <Iii .120 120 1 i lSo 1.o 1·.3+.1 1-HJ S"H2 i HIT 1.oo i 1-oo 1>1/r 
100-30 10-4,0J4210 812. ; 811. 11.3.1 455 1Uo 1H 2. SO 1.11 i O·o i -H !il·o3J 2331 1·00 i·OJ 11·& 
1oo- "'o 84SO i s".tu '151 ) '151. 13414 8.3'1 Ht m _, 1.o 2 -o l a ·1 I; 11..z. sa:~oi 2.31-f 1-01 o ·11 1%-D 
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(viii) Table 4.4 appears overleaf and is the summary of all the parameters 
measured for each mix made. The batched quantities appear in grammes 
and these values are converted to per cubic metre amounts using the 
equations formulated above. 
(ix) All the cubes cast were left to set for 24 hours under plastic sheet-
ing before they were placed in water at 23°C for a further six days. 
At seven days, they were dried for two hours before being weighed and 
then tested at the SASS-specified rate of 15 MPa per minute for 100 
mm cubes. The results may be found in the test sheets in Appendix A6. 
(x) Strength charts of cement/water ratio versus compressive strength are 
drawn for each of the five stone/sand ratios used and these follow in 
Figures 4.3 to 4.7. 
(xi) A cost comparison of all the mixes made is done in Table 4.4 as well. 
These costs are based on the figures obtained from the course CE5G1: 
"Properties of Concrete" of 1985, and were used earlier in Section 
4.2.1. -according to the Portland Cement I~titute these prices were 
still valid for 1986. Natural coarse~s ~riced at R25 per metric 
tonne, Klipheuwel sand at R10 a tonne and rapid-hardening cement at 
R6 per 50 kg pocket. The cost of the water is negligible. 
(xii) An American researcher, Frondistou-Yannas (*8 and *9) believes that 
recycled aggregates will only be economically feasible if they are at 
least 15 percent cheaper than natural aggregates. She has shown, in a 
feasiblity study on the matter, that this is indeed possible. The 
major factor contributing to the lower cost is that the recyled ag-
gregate seldom needs to be transported over as great a distance as 
the natural aggregates. Stone quarries are usually in rural areas, 
whereas rubble dumps are usually in, or near, urban areas. For this 
reason the cost of recycled aggregate is set hypothetically at the 
lower rate of R18 per tonne. Whether this price can be matched in 
South Africa is not known- as no commercial rubble-recycling plants 
exist -and is unfortunately beyond the scope of this thesis. 
(xiii) It was subsequently noted that the yields of the mixes were usually 
higher than the volume calculated for the batched quantities. This 
feature can be explained by the fact that the Relative Density or 
Specific Gravity used for all the recycled aggregates was 2.62, 
whereas the actual RD or SG was found in Phase 1 testing to be 2.21. 
The difference exists because the SG of 2.62 would hold perfectly had 
the recycled aggregate been crushed to powder or had it been non-
porous, whereas the porosity of the material causes the SG to drop to 
2.21. 
(xiv) By definition the absolute density is the mass of a particle divided 
by its absolute volume, whereas the relative density of a particle 
would be its mass divided by the outer or bulk volume divided by the 
density of water. 
(xv) The mortar is not able to penetrate into the pores of· the recycled 
aggregate, which means that these voids are either left filled with 
air or else with water. So, to calculate the yield of a concrete mix 
when the aggregate has been wet-batched, this fact must be taken into 
account, and it may be done in two ways: 
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1. The mass of the saturated recycled stone has to be converted to an 
equivalent mass of dry stone by using the factor mentioned 
previously. 
eg. if saturated stone = SST, dry stone = DST and the absorption 
coefficient of the aggregate is Ca% ; 
48 
then SST = (100% + Ca%) * DST • equation 4.6(a) 
so DST = 100 SST/(100 + Ca> equation 4.6(b) 
These equations are more general than equation 4.5, which is speci-
fically for the aggregate used in Phase 2 testing. 
The volume of the mix and the "per cubic metre" quantities are then 
calculated using the dry stone mass as calculated from equation 
4.6(b) ignoring the volume of the water which is absorbed. The 
relevant equation to use is equation 4.1 using RD = 2.21 for this 
particular recycled stone. 
2. An equivalent RD for the saturated stone could be calculated and so 
the mass of saturated recycled stone that was batched may be used 
directly in the yield equation. 
From the Phase 1 tests, the porosity of the stone is known as well as 
the porous specific gravity- for this stockpiled aggregate in the 
13.2 to 19.0 mm fraction these two figures are 15% and 2.21. This 
means that if one cubic metre of this stone was saturated it would 
contain 15% of water by volume- that is 0.150m3 or 150 kg of water. 
In the dry state, the RD of 2.21 implies that the one cubic metre of 
dry stone would have a mass of 1000 x 2.21 = 2210 kg. The total mass 
of a cubic metre of saturated stone would therefore be 2210 kg plus 
150 kg, which equals 2360 kg - meaning that the effective RD is 2.36. 
The general formula to perform this calculation is therefore: 
RD saturated = RD dry + porosity 
100 
••• equation 4.7 
The volume of the mix and the "per cubic metre" quantities are then 
calculated using the mass of the wet-batched recycled stone in equat-
ion 4.1 using the RD for the stone as calculated in equation 4.7. 
<xvi) All the values shown in Table 4.4 were then recalculated using the 
second method shown above - the ratio of materials by m~~~ does not 
change though, and so the stone/sand ratios are still valid. The data 
is shown in Table 4.5. 
<xvii) It will be noted that the compressive strength fo~ any particular 
cement/water ratio generally increases with increased sand percent-
ages by mass in the mix. It then also happens that a particular com-
pressive strength (f£~) may be reached using two different cement/ 
water ratios - for example compare Mix 35 with Mix 37. 
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Mix 35: Code 250-60; the mix constituents in kg/m were: 
saturated stone = 717; dry sand = 1006 
cement = 437; water = 176 
the cement/water ratio was thus 2.48 
the f£~ at 7 days with RHC was 52.8 MPa 
3 
Mix 37: Code 275-30; the mix constituents in kg/m were: 
saturated stone = 1264; dry sand = 507; 
cement = 399; water = 507 
the cement/water ratio was thus 2.74 
the f£~ at 7 days with RHC was 52.5 MPa 
(xviii) Both the above mixes had slumps of 60 mm although Mix 35 had the 
better workability because of all the sand- its measured mortar 
excess was 15.6% compared with the 2.2% of Mix 37. 
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(ixx) Looking at the cement factor, it is seen that Mix 35, code 250-60, 
had a cement content of 437 kg/m 3 , whereas Mix 37, code 275-30, had 
a Lower cement content of 399 kg/m 3 • The Lower cement content of Mix 
37 may therefore appear to be the more economical altenative to 
produce recycled concrete of 52 MPa. 
(xx) When comparing the cost of these two mixes, they oddly enough have 
almost the same cost/m~- Mix 35 @ R74.59 and Mix 37 @ R74.26. The 
common belief that Lower cement contents produce cheaper concretes 
is then not valid in this case, and it should therfore be borne in 
mind that the aggregate cost is significant as well. 
The South African mix design method is based on the Water Demand Theory, 
where the water demands of various sands have been established and well 
documented, and the water demand of an impervious natural stone is 
negligible. The following relation holds: 
water demand of a mix = water demand of sand + water demand of 
stone + water demand of cement 
In general terms, the "water requirement" would be a better way to express 
this relationship, as "water demand" is a unique case mentioned before in 
Section 4.1.3. 
Because of the porosity - and therefore significant absorption - of recycled 
coarse aggregate, the water requirement of the stone cannot be ignored. If 
it is overlooked, the concrete produced will be expensive because of the 
high cement content required. This is demonstrated below: 
If a recycled aggregate mix is designed based on the water demand 
of the sand to be used, then the mix will become very dry and 
unsuitable, resulting in a slump significantly Lower than the 
designed value. This is due to the fairly Large amount of water 
that the aggregate has absorbed into its pores from the mix water. 
To obtain the desired slump, the standard procedure would be to 
add more water and cement in the correct ratio. So the cement 
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content and cost of the mix increases quite significantly as a 
fairly large amount of water may be required to give equivalent 
slumps between recycled and natural coarse aggregates. 
When the same recycled concrete is tested later for compressive 
strength, it will be found to be considerably ·stronger than what 
was expected and the concrete producer will realise that all the 
extra cement powder was not really needed. 
The reason for this is that the absorbed water in the pores of re-
cycled stone does not contribute towards the cement/water ratio of 
the mix - this was discovered by experimentation by this author in 
his BSc thesis <* 20). 
The aim of this section is to establish a dry-batching mix design method 
where the absorption of the recycled aggregate is accounted for. 
In the BSc thesis, the "additional absorption coefficient" was 
defined by this author as the percentage of water over and above 
the water requirement of the mix needed to produce equivalence in 
strength and workability. This is then a measure of the amount of 
water absorbed by the porous recycled stone compared to the total 
mass of water in the mix. 
The "absorption coefficient" on the other hand, is the percentage 
of water absorbed by the aggregate compared to its own mass. 
The "Slump Adjustment Method" was developed in which the addi-
tional absorption coefficient could be measured. It was found that 
the additional absorption coefficients differed between equiva-
Lence in strength and equivalence in slump compared to a mix of 
control concrete made with natural coarse aggregate. 
The procedure to measure these figures is as follows: 
Two mixes - a control mix and a recycled mix - are made with 
identical amounts of material. The slumps of both mixes are 
measured and noted- the slump of the control mix will be the 
"design slump" and the slump of the recycled mix will always be 
much Less than this design value. Cubes are cast from these two 
mixes. A third mix - identical to the recycled mix - is then made 
and its slump is adjusted until it reaches the design value. This 
adjustment is done with ~~!~r_QQ1~ - no corresponding amount of 
cement is added. Again cubes are cast from this mix. The concrete 
is tested afer seven days. The additional absorption coefficients 
are then determined graphically from the plots of compressive 
strength or slump versus the additional percentage of water added. 
The actual values in the test for the three mixes were: 
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MIX 1: Control mix: 
Slump = 65 mm; feu = 29.8 MPa 
Constituents - (hornfels) stone: 1130 kg/m 3; 
Cape Flats sand: 827 kgfm3; 
rapid-hardening cement: 294 kg/m3; 
water: 187 kg/m~ 
MIX 2: Recycled Mix: 
Slump = 10 mm; feu = 35.8 MPa 3 
Constituents - recycled stone: 1130 kg/m ; 
Cape Flats sand: 827 kg/mJ; 
rapid-hardening cement: 294 kg/m3; 
water: 187 kg/m 3• 
The batched quantity of water in both mixes was 1400 ml. 
MIX 3: Recycled mix: 
Constituents identical to MIX 2. 
Initial slump again 10 mm; another 100 ml of water increased the 
slump to 20 mm; a further 100 ml of water increased the slump to 
25 mm, and a final 100 ml of water brought the slump to 40 mm. 
Since the original water content of the mix was 1400 ml, these 
values represent percentages of 7.1, 14.3 and 21.4 respectively. 
The seven day f~~ for this mix was found to be 26.64 MPa and the 
final "per cubic metre" quantities were: 
recycled stone 




827 kg/m 3 
294 kg/m 3 
227 kg/mJ 
The 21.4% increase in water in Mix 3 had actually caused the strength to 
drop below the control strength, but the correct amount that would have 
given strength equivalence is found graphically in Figure 4.8. The extra 
amount to give strength equivalence was determined as 14% and this is then 
known as the ~§!r~Q9!b:r~1~!~Q-~QQi!iQ!J~1-~Q§Qr~!iQQ_~Q~ffi£i~!J!~· This 
means that 187 * 1.14 = 213 kg/m3 of water should have been u~ed for the 
recycled mix to have the same strength as the control mix. The cement con-
tent would still have been calculated from the 187 Litres/~ using the 
desired cement/water ratio -not from the 213 kgJmJ. 
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Figure 4.9 was constructed from the following information concerning MIX 3. 
~
.. / original slump with 1400 ml water was 10 mm (0% extra water); 
~~~~~)added 100 ml water to give a slump of 20 mm <7.1% extra water); 
~~ ~ added 200 ml water to give a slump pf 25 mm (14.3% extra water); 
added 300 ml water to give a slump of 40 mm (21.4% extra water). 
The amount of additional water to give equivalence in slump <65 
mm) was extrapolated and found to be 39.4% - and it is known as 
the "§1\:!!!!~:r~12!~Q_299Hi2!J~L2Q§Qr~!i2!J_£Q~ffi£i~a!"· 
The Large difference between the two additional absorption coef-
ficients is due to the difference in surface texture and shape of 
the coarse aggregates - the recycled aggregates are rough-textured 
but more cubic than the smooth flaky hornfels stones. The slump 
test is also highly variable, especially with elapsed time <as was 
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the case here) and so it is recommended that use of the "slump-
related additional absorption coefficient" be avoided and that it 
should remain of academic interest only. 
However, the strength-related additional absorption coefficient is 
measured with far more accuracy, and its use may be of value. to a 
concrete producer when recycled concretes are to be produced based 
on the technology of conventional concretes. This method may be 
considered unsatisfactory by certain parties (the author included) 
who will argue that dry-batched mix designs with recycled aggreg-
ates should be developed independently of control aggregates, that 
is, treating the recycled concrete as a material in its own right. 
This fact is essentially the difference between the BSc thesis and 
this thesis. 
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The design of a dry-batched recycled concrete then essentially follows the 
process of design for a conventional concrete with impervious natural stone. 
The additional absorption coefficient (AAC) is then used to adjust the 
cement content of the mix according to the effective amount of mix water. 
Conventional strength charts of cement/water ratio versus f£~ for any 
variety of cement type, stone type or sand type may be used. The value of 
the AAC will then be determined via the Slump Adjustment Test and be applied 
to the mix design. The strength charts found for control mixes with 19 mm 
hornfels stone, Cape Flats sand and rapid-hardening cement at seven days are 
shown in Figure 4.10. 
An example of mix design using the AAC is then as follows: 
A strength of 30 MPa is required and from Figure 4.10 a cement/ 
water ratio of of 1.63 is then needed. A trial mix shows that the 
water requirement for the desired slump with this particular sand 
and porous recycled stone is 225 lites/m 3 • Notice that this is the 
water requirement of both the sand and the porous stone. 
The Slump Adjustment Test produced the value of 15% for the 
strength-related AAC. So in calculating the cement content, it 
will not be necessary to use the full water requirement of the 
mix. The following relation will hold: 
effective mix water =tgross mix water] . . . equation 
1 + AAC/100 
4.8 
225/(1 + 0.15) 196 
. 3 
L1tres/m = = 
cement content = 196 X 1.63 = 320 kg/m3 
stone and water volume= 1000- (196 + 320/3.17) = 702 litres. 
The porous SG of the stone is 2.30 and for the natural sand 2.60, 
say. The desired stone/sand ratio is 60:40 by volume. 
stone content = 0.60 x 702 x 2.30 = 969 kgfm? 
sand content = 0.40 x 702 x 2.60 = 730 kg/mJ 
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The quantities to be batched are then: 




gross cement/water ratio 
969 kg/m 3 
730 kg/m 3 
320 kg/m 3 
225 kg/m 3 
1.42 
But it is then assumed that only the following will partake in the 
volume and strength determination of the concrete: 




effective c/w ratio 
969 kg/m3 
730 kg/m 3 
320 kg/m 3 
196 kg/m3 
1.63 
The 15% of water above the 196 Litres (i.e. 29 Litres) is assumed 
to be absorbed into the dry recycled stone and not to alter the 
effective cement/water ratio of 1.63 that was required. 
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Just as the additional absorption coefficient (AAC) was used to design dry-
hatched recycled aggregate concrete in relation to control concrete with 
natural stone, so too is the absorption coefficient used. The value of the 
absorption coefficient <Ca) for a particular recycled aggregate should be 
determined by tests as in Phase 1 work. 
This dry-batched mix design method is again based on the water demand of the 
sand to be used. The water requirement of the porous recycled stone is seen 
as its absorption potential. Strength charts for control concretes may again 
be used to determine required cement/water ratios for design strengths. It 
was found that in a trial mix that the strength chart in the Fulton and 
Crawford booklet <* 21), as shown in Figure 4.11 and drawn for ordinary 
Portland cement at 28 days, works well for an OPC mix. Ideally a strength 
chart based on this design method should be constructed from a series of 
test mixes, so that greater accuracy may result. As this wet-hatching method 
is suggested as an afterthought, experimental work was thus not possible. 
The standard mix design procedure is again followed to the point where the 
constituents have been mixed and the resulting slump is very Low because of 
the absorption that occurs. An amount of water equal to the absorption of 
the recycled stone may now be added to the mix without the addition of any 
cement powder. This water then accounts for the "water requirement" of the 
porous stone. If, by some chance, the slump is still too Low, then water, as 
well as the corresponding quantity of cement powder, must be added to main-
tain the designed cement/water ratio. 
It was found by experimentation <* 20) that the mix water absorbed into the 
pores of the recycled stone is Lost to the setting and hardening of the cem-
ent paste, thereby causing an increase in the effective cement/water ratio 
and consequently the strength. It is therefore assumed that the extra water 
added is equivalent to the water Lost into the pores. However, the water 
demand test in Section 4.2.1 showed that the water consumed by the sand 
(natural or recycled) is not Lost to the cement/water ratio, but in fact 
determines this ratio in the mortar paste. 
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The following example will demonstrate this mix design method: 
A recycled aggregate concrete with a 28-day strength of 20 MPa is 
required and the desired slump in the freshly-mixed state is 75 
mm. The 19 mm nominal stone to be used has an absorption coeffi-
cient of 6.7% and the Klipheuwel sand used has a water demand of 
165 litres/m . (This is for 75 mm slump, 19 mm stone and ordinary 
Portland cement.) A stone /sand ratio of 70:30 by volume is 
required. 
From Figure 4.11, the cement/water ratio needed for the 20 MPa 
strength at 28 days with OPC is found to be 1.47. The water 
requirement of the mix is taken as 165 litres/m and the cement 
content is therefore 165 * 1.47 = 243 kg/m 3 . 
+ 165] = 758 
.3 
volume of sand and stone = 1000 -[ 243 kg/m 
3.14 
mass of dry stone = 0.70 * 758 * 2. 21 = 1173 kg/m 3 
mass of dry sand = 0.30 * 758 * 2.64 = 600 kg/m 3 
Equation 4.1 may be used to check that 1 m 
yielded. 
of concrete will be 
[
1173 + ~ + ~]+. 165 
2.21 2.64 3.14 . . 
I 1000 = 1.000m3 
Upon mixing these constituents, a very low slump is certain to 
result, but now the crux of the method - 1173 * 0.067 (that is, 78 
litres, or 6.7% of the stone content by mass) of water may be 
added freely to the mix to attain the desired 75 mm slump. No 
cement powder is needed, but if the mix requires any further ad-
dition of water, then cement would be added in the cement/water 
ratio of 1.47. 
The extra water apded behaves in a manner similiar to an admixture 
to improve worka~i~ty. The use of admixtures with recycled con-
cretes will be mentioned in Phase 3. 
54 
The previous two methods of dry-batched mix designs using: firstly, the 
additional absorption coefficient, and secondly, the absorption coefficient 
of the recycled aggregate, depend on the strength charts and data available 
for conventional concretes with impervious stone. The additional absorption 
coefficient (AAC) and the absorption coefficient <Ca) are then used to 
adjust the recycled aggregate concrete to become like the control concrete. 
In the method about to be presented, no reference to conventional concrete 
is required and so the method is independent of control mixes. 
This method is also based on the Water Demand Theory and is identical to the 
design of conventional concretes - except that a different strength chart, 
based on the 9[Q~~ cement/water ratio of the mix, will be used. In this 
strength chart the strengths are generally 15 to 20% higher than the control 
PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE 
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strengths for the same cement/water ratio. This is because mix water is ab-
sorbed into the aggregate pores, thereby increasing the strength, since the 
effective cement/water ratio has been increased. The strength chart found 
for this design method is shown in Figure 4.12 (from BSc thesis: * 20). 
It should be noted, however, that the slumps of these mixes were all rather 
Low - from 15 to 30 mm - and so adjustments with water and cement powder 
would be required for increased slump values. 
Water requirements for these mixes may be found by trial mixes and are bound 
to be over 200 Litres/m3 since it will include the requirement for both the 
sand and the stone~ This means that a high cement content will consequently 
result, but this method uses a Lower cement/water ratio for a particular 
strength than any of the other design methods. This can be seen by comparing 
the control Line to the design Line of strengths in Figure 4.12. 
As an example, an attempt will b~ made to design the same concrete that was 
designed in the previous example in Section 4.2.3.2. 
A recycled concrete with a seven-day strength of 20 MPa and a slump of 75 mm 
was required. The recycled stone was of 19 mm nominal size and had an absor-
ption coefficient of 6.7% and a porous SG of 2.21. The Klipheuwel sand to be 
used had a water demand of 171 Litres/m3 <for 75 mm slump, 19 mm stone size 
and rapid-hardening cement) and a stone/sand ratio of 70:30 by volume was 
required. 
The 171 Litre/m3 of water is certain to produce a slump below 20 mm and the 
water requirement of the mix is then estimated to be 190 Litres/m to in-
crease the slump. From Figure 4.12, the cement/water ratio needed for 20 MPa 
strength at seven days with RHC is found to be a mere 1.13 and the cement 
content required is then 190 * 1.13 = 215 kg/m 3• 
volume of sand and stone 
mass of dry stone 
mass of dry sand 
= 1000 -[ 215 
3.14 
+ 190] = 742 Litres 
= 0.70 * 742 * 2.21 = 1147 kg/m3 
= 0.30 * 742 * 2.64 = 587 kg/m3 
Since a certain percentage of mix water will be absorbed into the pores of 
the recycled stone (assume that it is equal to 6.7% by mass of stone), the 
yield or volume of the mix will be Lower than the 1.0 m3 calculated. The 
quantities may then be readjusted to 1m3 as follows: 
The 1147 kg/m of stone will absorb 1147 * 0.067 = 77 Litres of water. The 
yield of the above mix will therefore be only 1000-77 = 923 Litres, that is 
0.923 m3, and so all the calculated amounts should be multiplied by the 
inverse of 0.923, that is, 1.0834. The "per cubic metre" amounts are then: 
dry recycled stone = 1243 kg/m ; dry sand = 636 kg/m3; 
rapid-hardening cement = 233 kg/m ; water = 206 kg/m3. 
If the slump is still below the required value, then adjustment with both 
cement powder and water would be required in the design ratio of 1.13. 
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Briefly, the two methods that were proposed in Sections 4.2.2 and 4.2.3. 
are: 
1. WET-BATCHING of the recycled coarse aggregate. 
The advantage of this method is that it can be executed easily 
under site conditions as no moisture checks are needed on the 
stockpiled recycled stone. It produces mixes of good workability 
and the mixes generally do not stiffen or Lose slump prior to 
placing. 
The disadvantage of this method is that it is essential to achieve 
a constant surface wetness throughout a series of batches other-
wise there will be variation in concrete strength as can be seen 
in Figures 4.3 to 4.7. Some standard procedure should be estab-
Lished so that this uniformity may be achieved- and it may be 
advantageous to actually dry the aggregate surface - as long as 
the workablity does not suffer. 
2. DRY-BATCHING of the recycled coarse aggregate. 
Three different methods of dry-batched mix designs were presented. 
The advantages of these methods are that high early workablities 
result and then the effective cement/water ratio increases as the 
water is absorbed. Furthermore, there is no problem in keeping the 
moisture condition constant, and so the resulting strengths will 
be very close to those in the appropriate strength charts. 
The disadvantages of these methods are that, although it is also 
suited to site conditi~ns, daily checks on moisture condition of 
both the sand and the recycled stone would be required and adjust-
ments made to the amounts of mix water. The other problem is that 
the mixes Lose workability rather quickly as they stiffen up due 
to mix water being Lost into the aggregate pores. 
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For all of these methods, it is essential that the properties of the re-
cycled coarse aggregate be known - for example, the porosity percentage by 
volume, the absorption coefficient by mass, and the relative density of the 
material. Also note that the use of recycled fine aggregate is not recom-
mended. 
Two mixes of identical constituents were made to demonstrate these two 
methods. The recycled stone that was used came from the stockpile and from 
the 9.5 to 13.2 mm size fraction. The SG of the stone was 2.04, its 
absorption coefficient was 9.1% and its porosity was 18.5% <These values 
were found in the Phase 1 tests). A cement/water ratio of 1.25 was selected, 
Klipheuwel sand and ordinary Portland cement were be used <as no RHC was 
available at the time), 60 mm of slump was required and a 2:1 stone/sand 
ratio by volume. 
The water requirements for wet batching was found by a trial mix to be 160 
Litres/m 3 for the stone/sand ratio of approximately 66:34. 
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water requirement 
cement content 
= 160 litres/m3 
= 200 kgfm3 
volume of stone =. 1000 - [ 200 
1-Sa11;l> 3.14 
' . --~~ 
+ 160 J = 776.3 litres 
mass of dry stone 
mass of dry sand 
= 0.66 
= 0.34 
X 776.3 X 2.04 = 1045 kgfm3 
X 776.3 X 2.64 = 697 kg/m3 
mass of wet stone= 1045 * 1.091 = 1140 kgfm3 
The following quantities were batched and 60 mm slump tested: 
saturated stone 
Klipheuwel sand 







Four 100 mm cubes were cast and tested at 28 days to produce results of 
17.3, 17.5, 17.7 and 17.5 MPa - the mean f£~ was thus 17.5 MPa. The expected 
strength from Figure 4.3 was 18.0 MPa, but this was for rapid-hardening 
cement. 
The following calculation is to show how the quantities would be converted 
to "per cubic metre" amounts. 
Firstly, the effective SG of the saturated stone must be found 
from equation 4.7: 
RD wet = :RD dry +~orosity%,,/ 100] 
= 2.04 + 18.5 I 100 
= 2.225 









"per cubic metre" 
saturated stone 
K l i pheuwe l sand 
OP cement 
water 
+ 1.225 ..... 0.981 J + 1000m3 
3.14-






160 litres/m 3 
slump = 60 mm 
f£~ = 17.5 MPa 
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The water demand of Klipheuwel sand for a 75 mm slump and 9.5 to 
13.2 mm stone was found in Section 4.2.1 to be 181 Litres/m 3 • This 
time ordinary Portland cement will be used, which means that the 
slump will increase, and since only 60 mm of slump is now requir-
ed, the water requirement of the sand is now taken as 171 Litre/m~ 
The mix will be designed via the third DRY-batch method described 
earlier and an attempt made to equal the expected strength of the 
WET-batched mix. The previous cement/wcter ratio was 1.25 and the 
strength expected was 18 MPa. From Figure 4.12, the cement/water 
ratio required for this strengths 1.07. Remember that 1.25 is an 
effective ratio and the 1.07 a gross cement/water ratio. 
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The cement content is then 171 * 1.07 = 183 kg/m 
volume of sand and stone = [1~?~~ --,.' 3 ~~Z + . 1_71 . .] = 771 Lit res 
mass of dry stone 
mass of dry sand 
= 0.66 * 771 * 2.04 = 1038 kg/m 3 
= 0.34 * 771 * 2.64 = 692 kg/m 3 
The following quantities were batched and the initial slump was a 
Lowly 15 mm as no allowance had been made for the "water demand" 
of the stone. 
dry recycled stone 
K L i pheuwe L sand 












Cement and water were then added in the ratio of 1.07 until a 
slump of near 60 mm was reached - 220 ml of water and 235 g of 
cement powder was added. 
Four 100 mm cubes were cast and tested at 28 days. The four 
strength results were: 18.7; 19.3; 19.0 and 18.9 Mpa- the mean 
f£~ was thus 19.0 Mpa, against the expected strength of 18 Mpa. 
The final batched quantities may be converted back to "per cubic 
metre" amounts as follows: 
The 7000 g of recycled stone will absorb 9.1% of its own mass in 
mix water, i.e. 7000 * 0,091 = 637 ml. This amount qf water then· 
does not participate in the volume yield of the mix. 










+ 6.40 Litres 
-1 The conversion factor is therefore V, i.e. 156.25 per kg 
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The "per cubic metre" quantities are: 
dry recycled stone 
Klipheuwel sand 












= 60 mm 
= 19.0 ~1Pa 
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Both the design methods produced satisfactory results in terms of expected 
strengths and concrete workability. The disadvantages of the two methods-
namely the problem with the surface wetness of the wet-batch method and the 
problem of mix adjustment and moisture control of the dry-batch method, 
should be traded off against each other and the concrete producer should 
make his/her own decision on which to employ. The author, however, recom-
mends the wet-batch method as he has had good results with it. 
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To summarize the results obtained in the Section 4.2.1 test, the water 
demands of a Klipheuwel sand and a recycled sand were determined by making 
two concrete mixes of medium strength to the standard slump of 75 mm. 
Details of each sand were then as follows: 
1. Klipheuwel sand: fineness modulus = 2.13 
specific gravity = 2.64 
water demand = 171 Litres/m 3 
2. Recycled sand: fineness modulus = 3.18 
specific gravity = 2.65 
water demand = 258 Litres/m 3 
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These water demands are for 75 mm of slump in conjunction with a 13.2 to 
19.0 mm stone and rapid-hardening cement. If ordinary Portland cement was to 
be used then each of the water demand figures may be reduced by approxim-
ately 6 Litres/m3 • This is because ordinary Portland cement generally re-
quires Less water than rapid-hardening cement and consequently produces 
slumps between 30 and 40 mm higher than would rapid-hardening cement. 
Fulton (*17) has suggested that sands with a water demand in excess of 220 
Litres/m 3 be avoided as they push up the cement content required to maintain 
the desired cement/water ratio. Recycled sand should therefore be avoided if 
structural concrete is to be made because of its high water demand, but also 
since it may have contaminants that could cause degradation of the concrete 
at a Later stage. It may be noted that none of the recycled sands tested in 
Phase 1 contained any deleterious substances and therefore the use of these 
sands in Low-strength plain concretes, and especially mass concretes, is 
acceptable. 
The testing done in Section 4.2.2 was as follows: Forty-five recycled 
aggregate mixes were made whereby the coarse recycled aggregate was pre-
soaked in water and then wet-batched into the mixes. The mixes were made 
with variations in the stone/sand ratio by volume and also the cement/water 
ratio. The slump aimed for was 60 mm and all the mixes, with the exception 
of the 80:20 stone/sand mixes, were brought to slumps of SO to 70 mm. The 
mortar excess or deficiency was measured and the Vebe test performed for 
each mix. Cubes were cast from these concretes and they were tested in 
compression at seven days of age, as rapid-hardening cement had been used. 
The actual mortar excess (AME) was measured for each mix and the theoretical 
mortar excess <TME) was calculated according to the mix constituents and 
equation 4.4. Both the AME and TME results are listed in Tables 4.4 and 4.5. 
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For each cement/water ratio used the TME and AME is plotted against the 
stone/sand ratio in Figures 4.13Ca) to 4.13(h). Note how the AME values are 
almost always Less than the TME values and that the two curves seldom inter-
sect. The values of TME rise rapidly with increasing sand content, whereas 
the AME curve flattens out with increasing sand content. This is because the 
Large proportion of sand has disrupted the packing of the coarse aggregate 
in the mortar - the stones do not sink or pack as tightly, especially in 
richer mixes, and so the trend is more pronounced. Even in the Lean mixes 
where segregation usually occurs, the coarser particles of sand sink down in 
the mortar and upset the tight packing of the coarse aggregates, and so the 
AME values are then always much Less than the TME values. 
An attempt was then made to correlate the AME against the TME by performing 
a Linear regression analysis on all of the mortar excess values in Tables 
4.4 and 4.5. 
The Linear regression equation has the form Y = a + bx 
where a = y - bx ••• equation 4.9 
b =[Sxy] 
Sxx 
• equation 4.10 
where y = mean value of samples y 
X = mean value of samples x 
Sxx = X ( x) ••• equation 4.11 (a) 
n 
Syy = y ( y) ••• equation 4.11(b) 
n 
Sxy = xy - X * y ••• equation 4.11(c) 
n 
where n = the number of sets of variables. 
The correlation coefficient .c will indicate how good the "Linearity" or 
"correlation" of the data sets are. The nearer r is to +1 or -1, the better 
the correlation, and if r is near zero, there is no correlation. 
.!: = Sxy I SQRT CSxx * Syy) equation 4.12 
The Linear regression is performed in Appendix A6. The calculation was per-
formed on a calculator with statistics capabilities by entering the sets of 
values as shown. 
The values of the parameters were found to be: 
a= 21.615; b = 2.278; r = 0.7350 
The equation of the Line that was fitted is then: 
TME% = 2.278 AME% + 21.615 
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line 
or more practically, it may be reduced to: 
TME% = 2.3 AME% + 21.615 equation 4.13 
AME% = 0.44 TME% - 9.5 equation 4.14 
The correlation coefficient r equals 0.735, which indicates that some cor-
relation certainly exists even though it is not markedly so. 
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Figure 4.14 is then drawn and it shows how the practical Limits of actual 
mo~tar excess may be comapared by means of the r~g~ession equation_to 
corresponding values of TME. This figure also shows the regression equation 
on a plot of TME versus AME. 
In Section 4.1.5 the practical limits of AME were established as 6% to 10%, 
but Figure 4.14 shows these Limits as 5 to 12% and the corresponding TME 
values were then 33 to 49%. 
The implication of this envelope in Figure 4.14 is that a mix designer may 
calculate the TME of a mix by equation 4.4 and then, if need be, adjust the 
mix constituents so that a convenient AME will result. 
The concretes that were made demonstrated a large range of workability-
from the harsh 80:20 stone/sand mixes that were difficult to work with, 
through to the richer 40:60 mixes of stone/sand that were a pleasure to work 
with. Again it is stressed that "workabliity" is a more complex term than 
would be imagined, and although it is "measured" by the slump test, this 
test cannot fully account for workability. 
The mixes with Lower cement/water ratios- that is, from 1~00 to 1~50-
allowed the fresh concrete to segregate. The coarser sand particles would 
sink to the bottom, Leaving the sloppy cement-water mortar to accumulate at 
the top of the mix. The cement/water ratio would then vary across the depth 
of a cast section, causing a variation in strength. The mixes with cement/ 
water ratio of 1.75 and above did not permit this segregation to occur as 
the mortar becomes more sticky and prevents the particles from sinking or 
floating in the mix. 
The 40:60 stone/sand mixes were very pleasant to work with, but were visibly 
oversanded - this could be seen from the mortar excess as well. Such mixes 
would not really be made in practice - especially if the sand was expensive 
<not in Cape Town), or the high sand content was Likely to induce excessive 
shrinkage in the concrete. 
The 50:50 stone/sand mixes were also very good in terms of workability, 
consistency and placeability- and although slightly oversanded, use of such 
concretes would be recommended. 
The best mixes in terms of mortar excess, higher stone content, and Lower 
sand content are the 60% stone and 40% sand mixes. The workability of these 
mixes was also pleasing. Actual mortar excess values measured were between 
2.8 and 11.2%, so this concrete could be used widely and good surface 
finishes also obtained. 
PHASE 2: MIX DESIGN WITH RECYCLED AGGREGATE 
63 
The 70:30 stone/sand mixes were prone to segregation and because of the low 
sand content were not all that responsive to slump adjustments, as the 
stones could not slide or roll over each other easily due to their rough 
surface texture. Once the higher cement/water ratios above 2.00 were 
reached, these mixes become much more workable. 
The 80:20 stone/sand mixes were distinctly lacking in workablility and suf-
fered from severe mortar deficiency. It was very difficult to make cubes 
from these concretes and their slumps could not be measured with ~ny great 
accuracy at all, because the slump cone would either topple or remain 
unmoved even though the mortar <very little of it) would be watery. These 
mixes also suffered in strength compared to the other sand/stone ratios and 
are to be avoided. 
From Tables 4.4 and 4.5 and the strength charts in Figures 4.3 to 4.7 it 
will be noticed that the compressive strength for the same cement/water 
ratio increases as the sand content increases. As the sand content in-
creases, so does the water content of the mixes, and therefore the cement 
content too, in order to maintain the cement/water ratio. 
The increase in f£~ with increasing sand percentage is probably due to the 
higher cement content that results, and which produces better adhesion bet-
ween the particles in the mix. 
The higher strength potential of the oversanded concretes must be traded off 
against their high mortar excesses and shrinkage potential, and so the 50:50 
stone/sand and 60:40 stone/sand mixes would again be the most feasible for 
practical use. 
The slump and Vebe seconds measured for the mixes were found to have very 
little correlation - this was actually expected since the same was found by 
Fulton (*29) in his work. Fulton's plot of Vebe seconds versus slump is 







0 25 so 15 100 125 150 175 200 
Slump mm 
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The problem was that for the range of slumps produced (>50 mm), the Vebe 
times are so short that it becomes an insensitive test - the shorter the 
Vebe time, the higher the percentage of human error. For stiff concretes of 
between 10 and SO mm, say, the Vebe correspondence would probably be better 
- although the slump test again becomes insensitive for slumps below 25 mm 
and over 100 mm. 
It would probably be better for a concrete manufacturer to use the tests 
independently as both tests would still be of great assistance in attempting 
to produce concrete of consistent workability. 
A problem was encountered with the process of converting batched mix 
constituents to "per cubic metre" amounts - this was due to a misinter-
pretation of the coarse aggregate properties as found in Phase 1. 
The specific gravity (SG) of these recycled stones were given as one value 
for the material in its porous state, and as a second value for the material 
had it been completely solid. For example, the recycled stone used in Phase 
2 in the 13.2 to 19.0 mm fraction had the following: 
SG as porous material = 2.21 
SG as solid material = 2.60 
To calculate the yield of a concrete mix, the porous SG should be used, and 
Table 4.4 had to be recalculated into Table 4.5. 
A further problem is whether to take the absorbed water in the pores of the 
recycled stone into account - this water contributes to the mass of the mix, 
but not the volume, as the SG of the stone has already accounted for its 
volume. An effective SG for saturated porous stone was then found, whereby 
the porosity fraction of the stone is simply added to the SG (porous). The 
calculatibn was derived in Paragraph <xvii) of the results in Section 4.2.2. 
An example is as follows: 
The recycled stone has a porous SG of 2.21 and a 
porosity of 15% - the effective SG is then 2.36. 
A conversion to "per cubic metre" calculation can be seen in Section 4.2.4 -
this calculation is for wet-batching of recycled aggregate. 
Three different methods of designing dry-batched recycled concrete were 
proposed: 
1 By using the strength-related additional absorption 
coefficient. 
2. By using the absorption coefficient of the recycled aggregate. 
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3. By using a strength chart of gross cement/water ratio which 
ignores the water absorption by the porous aggregate. 
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The fir~!_m~!bQQ is entirely dependent on control concrete made from natural 
stone and an attempt was then made to match the recycled concrete to the 
control concrete in terms of strength. This is done by using the additional 
absorption coefficient, which is determined by the Slump Adjustment Test. 
Additional water and cement powder would in all likelihood be required to 
increase the slump of the recycled concrete to that of the control. The 
method is based on the Water Demand Theory and the strength chart applicable 
would be for known conventional concretes such as that shown in Figure 4.10. 
The ~~£QQQ_m~!bQQ is also dependent on control concrete and an attempt is 
then made to account for the "water demand" of the recycled stone. It is 
assumed that the porous stone requires an amount of water equal to its ab-
sorption; that is, an amount of water equal to its mass multiplied by its 
absorption coefficient. No extra cement is added when this additional amount 
of water is added for the stones• absorption. It will be found that the full 
absorption figure contributes too much extra water to the mix and that 
strengths lower than those plotted in Figure 4.10 will result. 
This method is likely to produce equivalence in slump between the control 
and recycled concrete~ with the control strengths somewhat higher. Ideally a 
series of mixes with different cement/water ratios should be made and a 
·complete strength chart prepared from these results, but it was however 
found that the strength chart in Figure 4.11 gave satisfactory results using 
ordinary Portland cement. The calculation of mix quantities again follows 
the water demand theory. 
The !bir2_m~!bQQ is independent of control concretes - it is a method also 
based on the water demand theory, but a strength chart of total water/cement 
ratio versus strength is drawn up. In this way the absorption of the stone 
is turned into a strength gain rather than attempting to account for it with 
additional water. The effective cement/water ratio is not of consequence 
here. The total water demand of the mix should be used - it is the demand of 
the sand as well as the porous itone - otherwise slumps of less than 20 mm 
or less will result. For 19 mm stone, about 20 litres/m 3 may be added to the 
sand's water requirement to account for the stone. For 13 mm nominal stone a 
figure of 30 litres/m may be used, because the absorption potential in-
creases as the stone size decreases, as found in Phase 1. A strength chart 
such as that shown in Figure 4.12 would be used to determine the required 
cement/water ratios. 
If all three strength charts are drawn on one diagram, as in Figure 4.15, 
then the difference in the required cement/water ratio for a particular 
strength can be seen. The cement contents and water requirements are the 
highest for Method 3 and lowest for Method 2. Thus, the economy of the three 
methods is fairly similiar. 
Four methods of mix design/batching have been presented; a WET-batch and 
three-DRY batch methods. In Section 4.2.4 the two methods for which the most 
data was available were compared. These were the WET-batched methods from 
Section 4.2.2 and the third DRY-batched method from Section 4.2.3.3. These 
are the two methods that would then be recommended for practical use -
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although the concrete producer would be free to select the method which 
he/she finds the most suitable. 
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The other two DRY-batch methods would also be viable once further testing is 
done and more reliable strength charts developed for selection of required 
cement/water ratios. 
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PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED CONCRETE. ---------------------------------------------------------
The earliest findings concerning the properties of recycled concrete come 
from Gluzhge <*1) in 1946. He concluded that: 
i) A recycled concrete will be no better than the waste concrete 
that was used as the aggregate; 
ii) the use of concrete fines or sand requires an undue increase 
in the cement content of the mix; 
iii) the compressive strengths of recycled concretes are lower 
than their control mixes of normal concrete; 
iv) the specific gravity of crushed concrete aggregates is Lower 
than that of natural aggregates; 
v) for equal compressive strengths, the recycled concretes have 
higher flexural strengths, and 
vi) prior to curing, the recycled concrete mixes stiffen rapidly, 
but consolidate well with vibration. 
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Gluzghe's work is still valid, though Buck (*30) has shown that a recycled 
concrete can be made to have a higher strength than the parent concrete that 
was crushed to yield the aggregate. 
In the subsections that follow, the mechanical properties of recycled 
concrete are compared to control concretes. The information was obtained 
from various literature sources dating up to 1977, which are appropriately 
referenced. 
It should be borne in mind that the recycled concretes were all made using a 
similiar method as described in Phase 2, namely the wet-batched method in 
which the recycled coarse aggregate is pre-soaked before use. In the case of 
compressive strength, the researchers find that the recycled concrete pro-
duces lower strengths than the control mixes. It is important to remember 
that this does not imply that the recycl~d concrete is necessarily inferior 
to the control concrete, but rather that the effective cement/water ratios 
were not the same, thereby inducing the difference in strength. 
Buck (*30) has found that for identical mix quantities, but with a correc-
tion made for the water absorbed by the control and recycled aggregates, the 
strength of the recycled concrete was up to 8 MPa weaker. The strength of 
the recycled concrete could be between 64 and 100 percent that of the 
control. 
Frick <*20), however, found that if no correction was made for the water 
absorption of the porous recycled stone, then the recyled concrete would be 
15 to 25% stronger than the control. Tile workability of the recycled mixes 
would unfortunately be very low, and large additions of water and cement 
powder would be r.equired to improve it. 
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All the researchers into the subject (* 1, 5, 7, 20, 30, 31) agree that bet-
ter strengths result when only the recycled coarse aggregate is used. The 
recycled fines are not used because of their high water demands, which lead 
to expensive concretes, and also since they may contain deleterious mate-
rials such as gypsum. 
Frondistou-Yannas (*5) studied the bond strength between the concrete mortar 
and the coarse aggregate particles by making mortar briquettes according to 
ASTM C190. The test specimen, containing a single 19 mm aggregate particle, 
was designed to ensure that the applied tensile load would be transmitted 
through the aggregate only. 
The results showed that this bond strength would be at least 88% that of the 
control, if the recycled particle contained primarily natural stone from the 
parent concrete. If the recycled particle consisted mainly of the old mor-
tar, then the bond strength would be at Least 55% that of the control. By 
"control" it meant that a clean natural 19 mm stone (granite) was used in a 
briquette. 
Hester (*32) is of the opinion that the bond strength - that is, the "grip" 
that the cement paste forms on the aggregate particle - may be improved by 
using rather Liquid mixes with slumps typically between 120 and 150 mm. Such 
runny mixes are prone to segregation and bleeding, but he advocates the 
Liberal use of admixtures to remedy these problems. Hester is not a re-
searcher into recycled concrete, but is a specialist in the design of high-
strength concretes for use in slender prestressed applications. He is, 
however, of the belief that the same principle would apply to recycled 
concrete (*32). 
The tensile strength of a concrete is usually determined in one of two ways: 
i) the flexural tensile strength may be obtained by the loading 
to fracture of "prisms" or "beamlets", or 
ii) the flexural splitting strength may be obtained by the 
"splitting" of cylinders in a compressive testing machine. 
These two tests will be described in greater detail in Section 5.2. 
Attempts have been made to relate the tensile and flexural strengths of 
a concrete to its compressive strength, but the relationship is neither 
specific nor simple. This is because factors such as cement/water . 
ratio, curing conditions, age, mix proportions and properties of the 
aggregate do not affect the two strengths to the same degree. Kaplan 
<*46) also found that the rate of gain in strengths (tensile and 
compressive) are not the same. Also, the ratio of tensile/compressive 
strength is higher at an early age than a Later ages. Kaplan <*46) also 
found that incomplete consolidation has a greater negative effect on 
compressive strength than on tensile strength. 
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The following formulae have been proposed: The CEB-FIP Committee (*38) 
recommended, for the direct tensile splitting strength, that: 
fts = 0.24 * CUBROOT( feu ) ••• equation 5.1 
where fts =tensile splitting strength in MPa at 28 days 
f£~ = cube strength of concrete in MPa at 28 days. 
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For the range of compressive strengths of 15 to 20 MPa, a good approximation 
to equation 5.1 is: 
fts = 0.78 + 0.05 * feu equation 5.2 
Packard (*47) of the Portland Cement Association uses the following formula 
-developed from the design of concrete road and airport pavements -which 
is based on the flexural strength of the concrete <also at the age of 28 
days): 
ftf = 0.68 * SQRT( feu ) equation 5.3 
where f!f =flexural tensile strength of concrete in MPa. 
Research into high early-strength Lightweight concretes by Swamy (*42), 
using ultra-fine cement and expanded slate aggregates with a 67% sand re-
placement, (i.e.the fine, artificially-produced expanded slate "sand" is 
replaced by a natural sand) yielded the following two formulae for wet-
curing of the concrete: 
ftf = 0.75 * SQRT( feu ) equation 5.4 
f!~ = 0.56 * SQRT( feu equation 5.5 
Since the recycled aggregates are porous and Less dense than natural aggreg-
ates, the relationships for lightweight concretes may prove more relevant to 
recycled concretes. 
Malhotra (*31) found that the flexural strength of the recytled concrete was 
between 80 and 100% that of the control. His findings are based on the frac-
ture of concrete beamlets to give the flexural tensile strength. Gluzghe 
(*1) had previously shown that for equal compressive strengths, the recycled 
concretes had higher flexural strengths than the control - this result was 
established in 1946 and has not been disputed since. 
The elastic modulus of a concrete depends primarily on the modulus of elas-
ticity of the aggregate present and its volume fraction, and so too on the 
the elastic modulus of the concrete matrix and its volume fraction. Numerous 
investigators such as Pomeroy <*33), Kaplan (*34), Hansen (*35), Powers 
(*36) and Hobbs <*37) have found this to be the case, and attempts have been 
made to formulate expressions whereby the theoretical E-modulus of a con-
crete may be calculated. 
Furthermore, it was found by Hansen (*35) and Powers (*36), amongst others, 
that the elastic modulus, as well as the compressive strength, is highly 
dependent on the air content or porosity of the concrete. 
PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE 
70 
Hansen (*35) derived a formula to relate the modulus of the concrete to the 
moduli of the component materials and their respective volume concentrat-
ions. The following expression was found to produce sufficiently accurate 
results for normal concretes: 
}Ac = Vm/Em + Va/Ea ••• equation 5.6 
where Ec, Em and Ea = modulus of elasticity of the concrete, 
mortar and coarse aggregate respectively, and 
Vm and Va = fractional volume of the mortar and the coarse 
aggregate respectively. 
This equation is from the Reuss Model, whereby the paste and the aggregate 
are subjected to equal compressive stresses when a compressive Load is 
applied. 
Another model, known as the Voigt Model, exists whereby both the paste and 
the aggregate are subjected to equal strain when a compressive Load is 
applied. The formula (*33) for this model is: 
Ec = Va.Ea + Vm.Em • equation 5.7 
The Voigt Model is the upper bound value for the elastic modulus of a two-
phase material, whereas the Reuss Model gives the Lower bound value. 
Hobbs (*37) derived a relationship from considerations of the bulk modulus 
of a composite in which the aggregate and the concrete matrix retain con-
tiguity. The equation is as follows: 
Ec = [ (Ea - Ep)Va + (Ea + Eo) ] * Ep 
(Ea + Ep) + (Ep - Ea)Va 
••• equation 5.8 
This equation has been found to represent experimental observations very 
satisfactorily for both high- and Low-modulus aggregates. From these equat-
ions it will be seen that, the greater the modulus of the concrete aggreg-
ate, the greater will be the elasticity. modulus of the resulting concrete. 
Similiarly, the greater the volume concentration of the coarse aggregate, 
the greater the elastic modulus ofthe concrete. 
If the concrete is porous, then the equations should be adapted to account 
for the negative effect of such porosity. Hansen's (*35) semi-empirical 
equation is as follows: 
Ep = Es * (1 - p) I (1 + 2p)' equation 5.9 
where Ep = modulus of the porous material, and 
Es = modulus of the pore-free solid material. r = ?~ro c,;t-r 
Powers (*36) had also fitted the following equation to his observed 
measurements: 
Ep = Es * (1 - p) 3 ••• equation 5.10 
PHASE 3: THE MECHANICAL PROPERTIES OF RECYCLED AGGREGATE 
A similar equation is attributed to Hansen (*35) in Chapter 8 of Fulton's 
"Concrete Technology" <*17) and is: 
Ep = Es * (1 - p)4 equation 5.11 
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Pomeroy (*33) has found that normal dense aggregates have elastic moduli 
that exceed the moduli of the hardened cement_paste (HCP) by a factor of 
five or more. The modulus of the-HCP is typically 10 to 20 GPa, whereas the 
modulus for natural stone is usually in the region of 80 GPa. It follows, 
therefore, that the stiffness of most dense aggregate concretes will be 
greater than that of the matrix. 
In practice, it is difficult to apply the equations that have been presented 
because of moduli of the aggregates are seldom known. Consequently, attempts 
are then made to relate the modulus of elasticity of a concrete to its com-
pressive strength, which is more readily determined. The predictive equat-
ions that will be given are empirical and there is still debate regarding 
the most acceptable ones. 
The CEB-FIP recommendations of 1970 and 1978 (*38) proposed the following 
formula: 
E = 6.6 * SQRT( f£~ ) ••• equation 5.12 
where E = elastic modulus in GPa, and 
f£~ = cylinder strength of the concrete in MPa. 
For lightweight concrete, the CEB-FIP equation is: 
E = 0.0018 * SQRT( W 3 f£~ ••• equation 5.13 
where E = elastic modulus in GPa; 
W = weight density of the concrete in kN/m , and 
f£~ = cylinder strength in kPa. 
Another set of formulae, proposed by the CEB in 1976, is: 
E = 9.5 * CUBROOT( f£~ + 8 
~ = 9.5 * CUBROOTC f£~ + 8 
equation 5.14 
equation 5.15 
where equation 5.14 would apply to dense aggregate concrete and 
equation 5.15 to lightweight aggregate concretes with m =the mass 
density of the concrete in kg/m 3 • 
Teychenne, Pomeroy and Parrott (*39) used test results of concretes with 
widely-varying mix proportions and concluded that the E-modulus of concretes 
at any age ! could be estimated by the equation: 
Et = Co + 0.2 * f£~t ••• equation 5.16 
where f£~t = cube strength at time ! in Mpa; 
E = modulus of elasticity in GPa at time !, and 
Co= a Linearly-related constant (approximately 20). 
the constant Co depends very much on the aggregate used and a test 
mix should be made to determine its value. 
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Using various South African aggregates and covering a wide range of stren-
gths, Davis <*28) developed the following equation for the E-modulus of a 
concrete: 
E = 4.9 * SQRT( feu ) ••• equation 5.17 
Up to this point it is seen that the equations shown use both the cylinder 
strength f~~ and cube strength f£~ of the concretes. The cube strength of a 
concrete is always slightly more than the corresponding cylinder strength. 
In general, the following relation holds: 
equation 5.18a 
or feu= 1.25 * f£~ equation 5.18b 
Furthermore, all the E-modulus values used up to now have all been the 
"static" modulus of elasticity which differs from the "dynamic" elastic mod-
ulus. The dynamic E-modulus is found by electro-dynamic methods which may be 
found in BS 1881; 1970 (*40) or ASTM C215-60 <*41). The dynamic modulus is 
usually higher than the static modulus and various relationships between the 
two have been presented, but are not relevant to this work. 
The ever-growing technology of Lightweight concrete has produced several 
formulae which produce satisfactory results. Due to the similiarity between 
Lightweight and recycled aggregates, namely that both are porous, it might 
be found that these formulae could be applied to recycled concretes. The 
equations and their proponents are as follows: 
Swamy (*42): E = 0.97 * n;3 * SQRT( f£~ equation 5.19 
Pauw (*43): E = 0.0043 * SQRT( w f£~ ) equation 5.20 
Schaffler (*44): E = 0.00006 * SQRT(m feu equation 5.21 
where w = the weight density in kN/m 3 , and 
m = the mass density in kg/m 3 
The Poisson's Ratio of Lightweight concretes was found by Swamy (*42) to 
J)-!JF= < 0.16 * E + 20 * f£~) IE equation 5.22 
where E = static modulus of elasticity of the concrete in MPA, and 
feu = compressive cube strength in MPa. 
be: 
The recycled aggregates obtained from crushed concrete will obviously have a 
Lower modulus of elasticity than will a natural coarse aggregate, and there-
fore theE-modulus of a recycled concrete will also be Lower than that of a 
control concrete. This has been verified by various researchers: Fondistou-
Yannas <*5) has shown that recycled concretes have elastic modul~ between 60 
and 100% that of the control concretes. Hansen and Boegh (*45) found the E-
moduli of recycled concretes to be 15 to 30% Lower than those of conven-
tional concretes. 
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All the researchers have shown that recycled concrete is less dense than 
conventional concrete. This is due to the porosity of the recycled aggreg-
ates, which are in turn less dense than conventional aggregates. Figure 5.1 
shows the densities of conventional and recycled concretes as found by Frick 
(*20). This figure also shows that the percentage difference in concrete 
density decreases as the cement content, the cement/water ratio or the 
compressive strength increase. 
The water absorption of recycled concretes is higher than that of convent-
ional concretes. This is again attributable to the porosity of the recycled 
coarse aggregate. Kreijger <*48) has quoted figures of 4 to 8% for coarse 
recycled aggregates and 8 to 12% for recycled fine aggregates. The absor-
ption of natural stone is very low - between 0 and 2% by mass. 
Workability- a property of the fresh concrete mix - is a very important 
aspect of concreting. This was discussed in detail in Phase 2 of this work, 
but a brief mention of it is again made here in Phase 3 to widen the scope 
of this section on the properties of recycled concretes. 
Researchers have found that the workablitiy of recycled concrete is fully 
comparable with conventional concrete, provided that the water absorption of 
the porous recycled coarse aggregate is accounted for. Gluzghe <*1) has 
stated that recycled concrete mixes lose their workability more rapidly with 
time. If the recycled aggregate is not fully saturated before use, it will 
continue to absorb water from the mix and thereby cause the concrete to 
stiffen. Frick <*20) found that recycled and conventional concretes of 
"seemingly identical workability" would not produce the same slump values 
because of the difference in shape and surface texture of the coarse 
aggregate. 
To an American, it would appear that durability means primarily the resis-
tance of the concrete to cycles of freezing and thawing; secondly, its 
resistance to sulphate attack, and resistance to the expansive reactions 
between siliceous and carbonaceous aggregate with the alkalis in the con-
crete. South Africans would also consider a property such as abrasion re-
sistance to be part of a concrete's durability. 
The process of freezing and thawing of water contained in the pores of a 
concrete is a very strenuous one to the concrete. The water expands as it 
freezes and creates severe internal stresses in the concrete, which can 
cause cracking. For lightweight concrete it has been said that the pores in 
the coarse aggregate act as minute cushions which allow some of the freeze-
thaw stresses to dissipate, and it therefore has a better durability than 
normal concrete in this respect. The aggregates used in lightweight conGrete 
may be very porous, but their matrix material is usually impervious to 
water, such that the inner pores contain air, which is compressible and 
allows the "cushioning effect". The inner pores of a recycled aggregate may 
well contain water since its matrix is not impervious, and this water also 
freezes and thaws to place stresses in the concrete. 
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FIG 5.1 
Several researchers (*5,30) have found the freeze-thaw resistance of 
recycled concrete to be comparable to that of standard concrete, although 
Buck (*30) found a substantial improvement against frost attack in the re-
cycled concrete that contained chert gravel in the aggregate. 
The presence of an excess amount of sulphate in a concrete instigates two 
harmful chemical reactions in the concrete matrix. Firstly, the calcium 
hydroxide is converted to calcium sulphate, and secondly, the calcium alum-
inate is converted to calcium sulphoaluminate. Both these reactions produce 
more than double the solid volume, and so the large expansion causes great 
disruption in the concrete, which leads to serious cracking. An effective 
defence mechanism against sulphate attack is the imperviousness of a con-
crete, which means that recycled concrete, by its porous nature, may be more 
vulnerable to it. Young (*7) has found that the chemical durability of 
recycled concretes is lower than for normal concretes if no attempt is made 
to remove contaminants from the rubble. This means durability against frost-
attack and the interaction of alkalis with siliceous and carbonaceous 
aggregates. 
The wear or abrasion resistance of a recycled concrete may well be lower 
than that of normal concrete because of the more friable and weaker stone, 
but sufficient wear resistance is possible by selecting a recycled aggregate 
that complies with code restrictions. In Phase 1 tests were done to deter-
mine the 10% fines crushing value of various recycled aggregates and it was 
found that these aggregates have sufficient strength to pass the 110 kN 10% 
FACT value specified in SASS 1083 <*14) for concrete subject to abrasion. 
The shrinkage and creep of concrete is too extensive a subject to be 
discussed in full detail here and will be dealt with in a brief manner. 
Different types of shrinkage occur in a concrete. Firstly, there is a Q1~2: 
~i£_2briQ~~g~ which is due to bleeding and the fine particles in the con-
crete. It is therefore a mode of settlement which may be considered to be 
beneficial to the concrete, but it may be countered by revibration of the 
concrete before it has set. Secondly, there is ~~~Q9~QQ~2-2briQ~~g~, which 
occurs in zones of the concrete where there is insufficient water. It is 
also called self-dessication and would occur, for example, at the centre of 
mass concrete. Thirdly, there is the most common and problematic gr~iQg 
2briQ~~g~, which occurs due to an excess of water in the fresh concrete. 
This water would be required to give the concrete workabilility and for 
curing purposes, but when the curing stops, this water starts to evaporate, 
and induces the shrinkage in the concrete. The fourth type of shrinkage that 
occurs is s~r~QQ~!iQQ_2briQ~~g~, which occurs especially in thin sections 
where C02 can penetrate into the concrete. This is a process of chemical 
decomposition which takes place over a Long pe-riod c:if time, arid--in magnitude 
may be equal to about half the gr~iQg_shrinkage, and may be alleviated by 
precarbonation. 
The stiffness of the aggregate provides resistance to the shrinkage, which 
occurs as the hydrating cement paste loses water - but it is the proportion 
of the aggregate in the concrete that is of the greater importance. So, the 
high~r the percentage of coarse aggregate that is attained in the con~rete 
mix, the less will be the shrinkage. Recycled aggregates have less stiffness 
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than natural stone aggregates and so the shrinkage potential of a recycled 
concrete is greater than that of a normal concrete. 
The total deformation of concrete subjected to sustained stress may be re-
garded as composed of two principal components. 
i) instantaneous elastic deformation, and 
ii) time-dependent deformation - creep and shrinkage. 
Creep is defined as stress-induced, time-dependent strain. Usually it will 
be observed as a steadily-increasing Loading. On the other hand, it may be 
seen as a reduction in the stress in concrete that has been restrained 
against deformation in some way; this is often called "stress relaxation" 
and is an important aspect in the design of prestressed concrete members. 
Generally, creep is an important consideration in the behaviour assessment 
and serviceability assessment of concrete structures. 
Several theories have been advanced to explain the physical processes invol-
ved in the creep of concrete. Mallows (*49) summarized these proposed theo-
ries into three broad groups, based on the work of Mindness and Young (*50): 
The basic premise of this theory is that the time-dependent 
strains in concrete - namely, shrinkage and creep - result from 
thermally-activated processes which can be described by process 
rate theory. Creep strains originate through deformations of a 
micro-volume of paste when energy is added to the system by exter-
nal sources. The rate of the deformations are dependent on temper-
ature, applied stress and change in moisture content within the 
concrete system. It should be noted that creep recovery is ex-
plained by regarding the removal of Load as the application of a 
negative stress. 
This approach considers the presence of absorbed water Layers to 
be the underlying factor in the creep of concrete. Absorbed water 
is assumed to diffuse under stress, causing microstrains within 
the concrete system. The amount of absorbed water is assumed to be 
a function of the ambient relative humidity with which the system 
is in equilibrium. 
When an external stress is applied, the stress exerted on the 
water in the micropores is increased. To maintain equilibrium, the 
thickness of the absorbed water Layer must be decreased to compen-
sate for the effective increase in the adjoining pressure. Thus 
water diffuses from the micropores to the Larger capillary pores 
where no stresses exist. 
t 
2~1~§~~~--Ib~_lo!~~~~[_!b~Qr~~ 
This theory proposes that external stress tends to densify the 
chemical assembly of the particles in concrete. It is suggested 
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that under Load, water is redistributed and the particles (which 
are Like Laminae) are densified and ordered. Hence the external 
stress modifies the existing interlayer spacings. 
Further reading of the following publications is recommended: "Creep and 
Shrinkage in Concrete Structures" by Bazant and Wittman <*51) and "Creep of 
Concrete"; Neville (*52). 
There are many factors that affect the creep and shrinkage of concrete; 
these will not be discussed as they are well covered by authors such as 
Wolhuter <*53), Neville <*52), Mallows (*49) and Bozant (*51). The one fac-
tor which should be mentioned is the influence of the aggregate used as it 
is essentially the only difference between recycled and normal concrete. 
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The coarse aggregate in a concrete is assumed to be volumetrically stable 
and thus to have a restraining effect on the strains caused by shrinkage and 
creep. Increasing the aggregate content by volume fraction of a concrete mix 
will therefore reduce the creep and shrinkage potential of the hardened 
concrete. This restraining effect of the aggregate is further affected by 
the stiffness or elastic modulus of the coarse aggregate - the higher the E-
modulus, the lower the creep~ shrinkage rate. 
dr 
If a concrete aggregate itself is prone to creep or shrinkage, then the 
creep and shrinkage potential of the resulting concrete will be greatly in-
creased. Certain natural stone aggregates are renowned for their shrinkage 
potential - for example dolerite from Scotland and fine-grained sandstone 
from South Africa. Very few natural aggregates used for concrete manufacture 
have been found to exhibit any creep potential, but recycled concrete ag-
gregates that are still relatively young may certainly be liable to creep. 
By "relatively young" it is meant a few years, as about 90% of the total 
creep in a concrete will occur in the first five years, by 10 years of age 
95% of the creep will have occurred, and possibly after 25 to 30 years, no 
further creep will occur. 
The porosity of a recycled aggregate will tend to decrease the shrinkage and 
creep potential of a concrete because water is removed from the cement paste 
by the aggregate's absorption. At the same time, this porosity of the ag-
gregate reduces the E-modulus of the resulting concrete as discussed in 
Section 5.1.4, thereby offsetting the effect of the absorption. Thus the 
creep and shrinkage potential of a recycled aggregate remains higher than 
that of a normal concrete. 
Methods of predicting the magnitudes of creep and shrinkage according to the 
CEB-FIP will be presented in Section 5.3.4 when the values found for the two 
different recycled concrete mixes will be compared to the predicted values. 
The following properties of the recycled concretes were investigated in this 
series of tests: 
i) Compressive strength gain with time; 
ii) tensile strength: flexural and splitting tests; 
iii) elastic modulus, and 
iv) creep and shrinkage. 
CONCLUSION 
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Two different recycled concrete mixes were made, from which a sufficient 
number of the various specimens required for the tests were cast. Consid-
eration of various factors was required to design the two appropriate mixes 
-the design of the two mixes is shown below in Section 5.2.1. 
Different factors were considered in the design of the two mixes to inves-
tigate typical properties of recycled concrete. The fact that the creep 
behaviour was to be tested was perhaps the most important of these factors. 
The considerations were: 
Pomeroy and Illston (*54), in their recommendations for a standard 
creep test for the United Kingdom, suggest that applied stress 
should be 25% of the mean cube strength at age of Loading. The 
American standard for creep testing, ASTM C512-76 (*55), requires 
that the applied stress should not be more than 40% of compressive 
strength of the concrete. 
Two mixes, one weak and one strong, were made since the UCT creep 
rig is only capable of applying a common pressure value - even 
though it has 12 load rigs that can take two cylinders each. The 
load pressure that was to be applied was therefore equal to 40% of 
the weaker compressive strength and also equal to 25% of the 
stronger compressive strength. 
If the applied Load pressure is P, the weaker compressive strength 
is feu and the stronger feu , then: --1 -~ 
••• equation 5.23 
The Cape sands often dominate the creep and shrinkage behaviour of 
concretes produced in this region. It was therefore desireable 
that the concrete mixes had low sand contents to permit the coarse 
aggregates to have a greater effect on the shrinkage and creep. 
The aim was then to have a sand content of 40% by mass of the 
total aggregate mass. 
Due to an insufficient number of moulds, the two mixes had to be 
cast on successive days. The weaker mix was cast first and then 
Loaded at eight days age. The stronger mix was cast the day after 
the weaker and Loaded at seven days. It should be remembered that 
rapid-hardening cement was to be used. 
From Table 4.5 in Phase 2, it was seen that Mix 200-40, or Mix 
Number 23, had the seven-day comparative strength of 33 MPa - this 
was for a cement/water ratio of 2.0 and a sand fraction of 40% by 
mass of total aggregate. This mix was used as the stronger mix. 
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f£\:! 2 = 33 MPa 
f£\:! 1 = 0.25/0.40 * 33 = 20.6 MPa 
From Table 4.5 it is again seen that Mix 150-40 (Number 13) may be 
used for the weaker mix. It has a 40% sand fraction, a cement/ 
water ratio of 1.50 and a seven-day strength of about 20 MPa. 
The stone size to be used was 9.0 to 13.2 mm and the aqsorption 
coefficient for this fraction was found from Phase 1 testing to be 
9.1%. The porous specific gravity of this size fraction was simil-
arity found to be 2.04. 
The constituents in kg/mJ of the two mixes 150-40 and 200-40, 
based on the absorption coefficient of 7.66% and the porous 
specific gravity of 2.21 for the 13.2 - 19.0 mm stone size, were 
as follows: 
~1IX 150-40 MIX 200-40 
Saturated stone 1176 1140 
· Dry Klipheuwel sand 734 710 
Rapid-hardening cement 226 302 
Water 151 152 
The mix quantities shown above need to be adjusted to account for 
the higher absor~tion of the smaller stone size and the Lower 
specific gravity. The calculation to give the "per cubic metre" 
quantities was discussed in Phase 2 and is as follows: 
The mass of the dry stone, DST = SST/(1 + Ca) kg/m 3 , where SST is 
the mass of the saturated stone and Ca is the absorption coef-
ficient - which is 0,091 for this particular aggregate. 
The batched volume is then: 
Vb = [ DST + S + C . + 
2.04 .·.2.64·· >3.14':.-. 
The "per cubic metre"·amounts are then: 
SST1 = SST/Vb 
S1 = S/Vb 
c1 = C/Vb 
W1 = W/Vb 
••• equation 5.24 
The mix quantities for Mixes 200-40 and 150-40 were then used as 
input values for the above calculation and the adjusted amounts of 
constituents in kg/m 3 are then as follows: 
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WEAK MIX STRONG MIX 
Saturated stone 










148 ..__ _________________________________ ...... 
The weaker mix was known as MIX 1 and the stronger mix as MIX 2, and the 
constituent amounts calculated were to be used in the making of the mixes. 
Based on the mix quantities calculated in Section 5.2.1, the following 
amounts of ·materials were batched into the mixer: 
Saturated stone 109.5 kg 
Dry Klipheuwel sand 
Rapid-hardening cement 
Water 
68.3 kg + 9.0 kg 
21.0 kg 
14.1 kg 
The slump was very high, approximately 150 mm, and the mix also appeared to 
be deficient of mortar. Sand only was added gradually until the slump had 
been reduced to 80 mm - 9.0 kg of extra sand was added. 
Sixteen 100 mm cubes, twelve 105 mm diameter cylinders and six 100 x 100 x 
500 mm beamlets were cast from this concrete mix. The moulds were stripped 
after 24 hours of curing beneath waterproof sheeting and the concrete 
specimens were then placed under water at 24°C until they were required for 
testing. 
cubiv 
Because of the additional sand, the "per SejU<'!Ir-e metre" quantities had to be 
recalculated. The same calculation as before is done: 
MIX 1 - "weaker mix" 
saturated stone = 1103 kg/m3 









142 l!m 3 
mass fraction of sand of total dry aggregate 
effective cement/water ratio 
expected strength at eight days 
volume fraction of sand of total aggregate 
= 1.416 
= 43.5% 
= 1 • 493 
= approx. 22 MPa 
= 37.3% 
The mix quantities calculated previously for MIX 2 in Section 5.2.1 were 
revised because the sand/stone ratio had changed. 
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The quantities were: 
---
PREVIOUS ADJUSTED 
saturated stone 1107 kg/m3 1107 kg/m3 
dry Klipheuwel sand 690 " 782 " 
rapid-hardening cement 293 " 293 " 
water 148 " 148 " 
The stone/sand ratio was thus 1107/690 = 1.6043, whereas the final 
stone/sand ratio for MIX 1 was 1103/779 = 1.4159. Using the same stone 
content for MIX 2 of 1107 kg/m as before, the required sand content to 
maintain the new ratio of 1.4159 was therefore 1107/~.4159 = 782 kg/m3• The 
adjusted quantities are then shown in the second column above, but these 
produced more than one cubic metre of concrete, and the batch volume 
calculation was again performed to bring these amounts to "per cubic metre" 
quantities. The final quantities of mix constituents can be seen in the 
highlighted table of data for MIX 2 overleaf. 
The following amounts of materials were then batched into the mixer: 
saturated stone 











The slump that resulted was exactly 60 mm and the concrete mix was very 
pleasant to work with - it did not segregaie, was easy to compact and 
handle, and required no adjustment. 
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Again sixteen 100 mm cubes, twelve 105 mm diameter cylinders and six 100 x 
100 x 500 mm b~amlets were cast. After 24 hours of curing under a waterproof 
sheeting, the moulds were stripped and the concrete specimens placed under 
water at 24°C until they were required for testing. 
The final data for concrete of MIX 2 was then: 
MIX 2 - "stronger mix" 
saturated stone = 1070 
dry Klipheuwel sand = 755 
rapid-hardening cement = 284 
water = 143 
saturated stone/sand ratio 
mass fraction of sand to total dry aggregate 
volume fraction of sand of total aggregates 
effective cement/water rati~ 








= 1. 986 
= approx. 34 MPa 
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Firstly, the aim was to test the strength versus time of the comp-ressive 
strength of recycled concrete. Cubes were therefore to be crushed in the 
testing machine at one day, three days, seven days, eight days, 14 days and 
28 days. 
Secondly, the tensile strength of the recycled concrete was to be tested. 
The flexural tensile strength was to be found at seven and 28 days by the 
centre-point loading to fracture of the 100 x 100 x 500 mm beamlets. The 
splitting strength was to be found at seven and 28 days as well. The 
specimens to be used for this test were the 105 mm diameter cylinders that 
were cut into two Lengths of approximately 150 mm each. 
Thirdly, the elastic modulus of the recycled concrete was to be determined 
at seven and 28 days as well. Two cylinders from each mix were capped in the 
appropriate manner with a high-strength paste made from rapid-hardening 
cement and fine-grained sand. 
The fourth series of tests on these recycled concretes were to determine 
their creep and shrinkage behaviour. Four cylinders from each mix were 
capped and loaded into the creep rig at eight days for MIX 1 and seven days 
for MIX 2. Two cylinders from each mix were to be used as the shrinkage 
control specimens, and the ends of these cylinders were covered with a 
sanding sealer to give them the same degree of surface exposure as the creep 
specimens. 
Each specimen was weighed prior to testing so that the concrete density 
would be available for use in the empirical formulae used to estimate the 
elasticity modulus and flexural strengths of concretes. 
Two hours before their testing, the concrete cubes were taken from the water 
and Left out to dry. Their masses were determined and they were then crushed 
in the Ams~er testing machine at a rate of 15 MPa per minute. 
The results of the cube fractures and their densities are given in Table 
5.1. 
Two methods were used to determine the tensile strength of the recycled 
concrete, namely the Brazilian cylinder-splitting test and the tensile-
flexural test done on small concrete beams. 
The 300 x 105 mm diameter cylinders were each sawn in half so that 
more results would be available. The diameter and Length of each 
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specimen was measured, as well as its mass to permit deter-
mination of its density. 
The cylinders were carefully aligned in the Amsler compression 
testing machine between two pieces of hardboard and the force then 
applied until a splitting fracture occurred. The compressive force 
was applied along two diametrically-opposed Lines in the ''Braz-
ilian" method as proposed by Carneiro and Barcellos (*56). 
The tensile strength is then calculated from the following 
equation: 
fts = 2P/ 'n"dl ••• equation 5.25 
where P =applied force to cause failure 
d =diameter of cyllinder 
L = Length of cylinder 
The density of the concrete is calculated ~s follows: 
= ••• equation 5.26 
where m =mass of the cylinder. 
The results of the Brazilian splitting tests are shown in Table 
5.2. 
The concrete beamlets, which are approximately 500 mm Long, were 
placed symmetrically on two supports (one fixed and one roller) 
450 mm apart. A knife-edge load was applied at the centre point of 
the beamlet's span and its magnitude increased until the concrete 
specimen failed. 
The tensile strength of the concrete is considered to be the 
stress at failure in the bottom fibre of the beamlet. The tensile 
flexural strength of each specimen may be calculated from equation 
5.27 below, which was derived in Figure 5.2: 









force applied to cause failure 
span of beamlet = 450 mm 
depth of section = 100 mm 
breadth of section (variable) 
•• equation 5.27 
The results of these tests are tabulated in Table 5.3. 
Two cylinders from each mix were prepared for testing according to the 
method described in BS 1881, Part Five of 1970 (*40). The method is 
described fully in Appendix A?. Each cylinder was capped with a strong mor-
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0" 
tar and targets for the demountable mechanical (DEMEC) strain gauge were 
affixed to the concrete specimens with an epoxy glue. This was done in 
accordance with BS 1881 specifications. 
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The mean cube strength of the recycled concrete from MIX 1 was found to 
be 21.3 MPa. Therefore the code value of C, which is one third of the 
cube strength, was then 7 MPa. 
The diameter of the cylinder was found to be 104 mm, which means that 
the cross-sectional area was 8495 mm 2 • This meant that 8495 newtons or 
8.50 kN of force needed to be applied per megapascal of stress. Th~ 
stress increments were then marked off on the force gauge of the test-
ing machine. The convention was adopted that the capped surface of a 
cylinder would be placed on the bottom plate of the Amst~r testing 
machine. 
t 
Cy~nder 1.1 required no adjustment when the preliminary Loading was 
performed and the E-modulus could then be taken from the first attempt 
-which apparently is a fairly rare occurence. Cylinder 1.2 required 
five attempts before the cylinder was centred properly and the readings 
for the E-modulus determination could be taken. The eccentricity of the 
second cylinder was measured and noted for use when the 28-day testing 
was to be done. 
The results of these readings and the plots of the stress versus strain 
may be found in Appendix A7. BS 1881 requires that the best straight 
Line be drawn through the points and the elasticity modulus then found 
from the mean slopes yielded by the front and back gauges on the 
cylinder. It was felt that a numerical fit of a Line by a regression 
analysis would be more accurate. This same Linear regression analysis, 
which is a preset programme on several pocket calculators, was 
discussed in Section 4.3.2.1 under equations 4.9 to 4.12. 
For Cylinder 1.1: 
E (front) 
E <back) 
= 24.558 GPa; r = 0.994 
= 20.803 GPa; r = 0.997 
where r is the correlation coefficient, which indicates how Linear 
the data was - the closer it is to unity, the better the fit of 
the Line. 
The mean value of E-modulus = 24.561 GPa. 
The difference in elastic modulus of the two cylinders was fairly high and 
it can only be assumed that the second cylinder might have had some internal 
flaws such as air bubbles. 
However, the mean elastic modulus for MIX 1 at seven days age with rapid-
hardening cement was then 22.8 GPa. 
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The mean cube strength at age 28 days for MIX 1 was found to be approx-
imately 24 MPa and the value of C was therefore 8 MPa. Again the load 
required per megapascal of stress was 8.50 kN. 
Cylinder 1.1 required seven attempts at centring the cylinder before the 
elastic modulus loading could be performed. Cylinder 1.2 was placed in the 
testing machine at the same eccentricity that had been measured at seven 
days and no adjustments were required before the final loading was done. 
For Cylinder 1.1 
E,<front) = 24.763 GPa; r = 0.998 
E (back) = 25.128 Gpa; r = 0.999 
mean value of E-modulus = 23.422 GPa. 
For Cylinder 1. 2: 
E (front) = 22.971 GPa; r = 0.998 
E (back) = 23.872 GPa; r = 0.999 
mean value of E-modulus = 23.422 GPa. 
It will be noticed that the previous disparity in elastic modulus that ex-
isted between the two cylinders at seven days had now diminished, and the 
28-day modulus of elasticity of recycled MIX 1 was then 24.2 GPa. 
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The mean cube strength of MIX 2 at age seven days was found to be approx-
imately 31 MPa and the value of C could have been taken as 10 MPa, but a 
value of 8 MPa was used instead which is within the requirements of BS 1881. 
The diameter of the cylinders was again 104 mm and so a Load of 8.5 kN was 
required for one megapascal of stress. 
Cylinder 2.1 was centred succesfully on the first attempt, but Cylinder 2.2 
required eight attempts before it was centred and the final loading and 
measurement could be done. The results are shown in Appendix A?. 




= 26.616 GPa; r = 0.994 
= 29.493 GPa; r = 0.999 
mean value of E-modulus = 28.040 GPa. 
Cylinder 2.2 
E (front) = 28.305 GPa; r = 0. 991 
E (back) = 27.819 GPa; r = 0.996 
mean value of E-modulus = 28.062 GPa. 
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These two cylinders produced exceptionally similiar results for their 
modulus of elasticity, although there was a 10% difference from front to 
back in the first cylinder, which is within the 15% Limit permitted by the 
code. 
The mean modulus of elasticity for MIX 2 at seven days with rapid-hardening 
cement was therefore 28.05 GPa. 
The mean cube strength of the concrete at age 28 days was found to be about 
41 MPa, and so the value of C was taken at 13 MPa. Again the Load required 
per megapascal of stress was 8.5 kN. 
Cylinder 2.1 was again centred sucessfully on the first attempt. The eccen-
tricity of cylinder 2.2 at seven days had been measured and here at 28 days 
it was again applied, but two further attempts were required to centre the 




Cylinder 2.1 : 
E (front) = 28.742 GPa; r = 0.999 
E (back) = 27.945 GPa; r = 0.999 
mean value of E-modulus = 28.344 GPa 
Cylinder 2.2: 
E (front) = 28.551 GPa; r = 0.999 
E (back) = 30.297 GPa; r = 0.999 
mean value of E-modulus = 29.424 GPa. 
T~e mean value of the elastic modulus of MIX 2 at age 28 days was 
therefore 28.9 GPa. 
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The results of the modulus of elasticity tests will be discussed in Section 
5.3.3 and they will be compared to the values produced by the formulae given 
in Section 5.1.4. 
~Q!~~ When a cylinder is placed in the testing machine and the pre-
Liminary Loading performed, the specimen will be considered as 
"centred" if the deflections of the front and .. .rear are within- 10% 
of each other. It is very often the case that the one side of the 
cylinder will deflect more than the other, and it is required 
that the specimen be recentred to try and produce the same de-
flection between both sets of targets. The side that deflects the 
most is then assumed to take too much of the stress and should be 
moved away from the centre of the bearing plates of the testing 
machine. 
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Four 105 mm diameter cylinders from each mix were placed in the hydrau-
Lically-controlled UCT creep rig. Two further cylinders from each mix were 
also placed in the controlled-humidity creep room to serve as shrinkage 
control specimens. 
The creep frame that was to be used was the CEB hydraulic type 
which is shown in Figure 5.3. The UCT creep rig holds twelve of 
these frames, which in turn can accomodate two 105 mm diameter 
cylinders each. The axial Load to each frame is applied by means 
of a hydraulic ram which has its pressure regulated by the central 
hydraulic system. 
Firstly, it was required that the desired stress to be applied to 
the recycled concrete specimens be determined. At the intended 
time of Loading, the compressive strengths of the two concretes -
a weaker and a stronger - were estimated as: 
f 1 , the weaker, was 22 MPa 
f 2, the stronger, was 33 MPa 
The required stress was therefore (from previous discussion in 
Section 5.2.1> 40% of the weaker strength and also 25% of the 
stronger strength. 
P reqd = 0.40 * 22 = 8.8 MPa 
or = 0.25 * 33 = 8.2 MPa 
An average stress value of 8.50 MPa was therefore to be applied. 
The average diameter of the cylinders was measured to be 104.5 mm 
and the cross-sectional area therefore 8577 mm2. 
The required force on.the cylinders was therefore found to be: 
F reqd = 8577 mm 2 * 8.50 N/mm 2 72 900 newtons. 
The Philips Load cell that had previously been used to calibrate 
the creep apparatus had a capacity of 10 tonnes, which is 10 000 
kilogramme-force (kgf). The 72.9 kN of applied force is therefore 
equivalent to 72 900/9.81 = 7432 kgf. This meant that the creep 
rig would have to be Loaded to 74.3% of the capacity of the 
Philips 10T cell. 
In 1982, the creep frame was calibrated using the abovementioned 
Load ceLL, whereby the "pounds-per-square-inch" pressure values 
from the dial gauges (positioned in the hydraulic system of the 
frame) were compared to the "kilogramme-force" readings from the 
load cell. The Layout of the creep frames in the UCT creep room is 
shown in Figure 5.4. 
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For each creep frame (1 to 12), the gauge pressure in pounds per 
square inch was found from the available calibration charts that 
corresponded to 74.3% of the Philips Load cell's capacity. These 
calibration charts are included in Appendix A8. The gauge pressure 
values for the twelve creep frames were then as follows: 
CREEP FRAME No GAUGE PRESSURE <Lb/in 2 ) 
1 * 16 540 * 
2 * 16 650 * 
3 * 16 450 * 
4 17 000 
5 16 450 
6JIE 16 500 * 
7 16 720 
8 16 940 
9 not available 
10 16 240 
11 not available 
12 16 105 
Since only four creep frames were needed to test the eight speci-
mens of recycled concrete, it was decided that the frames marked 
with an asterisk (*) above would be used. The average pressure to 
supply 74.3% of the 10 tonnes force using frames 1, 2, 3 and 6 was 
therefore 16 535 Lb/in 2 • 
The intention had been to Load the concrete specimens when MIX 1 
was eight days old and MIX 2 seven days old, but the compressor 
controlling the hydraulic system of the creep rig broke down on 
the target day. When it had been fixed, the specimens were then 
Loaded into the creep frames - but two days had elapsed - and MIX 
1 was therefore Loaded at 10 days and MIX 2 at nine days. 
Two sets of targets for the strain gauge were glued to each 
cylinder parallel to its axis, and diametrically opposed. The 
strain gauge used was a demountable mechanical device <DEMEC) 
which had been set to a 6-inch gauge Length. Each division on the 
strain gauge, when set to its usual 8 inch-gauge length, was equal 
to a strain of 1.02 x 10-5 - and for the 6-inch gauge Length, the 
strain would then be 1.36 x 10-5 per division. 
The strain gauge was calibrated throughout the test using an inert 
metal bar, known as an INVAR bar, and the DEMEC gauge was found to 
be consistent. 
The Creep Room has a controlled temperature and humidity.which 
needs to be mentioned to allow accurate comparison of creep and 
shrinkage results. The temperature was 23°C ± 1°C and the 
relative humidity 50% ± 4%. This was monitored each time readings 
were taken. 
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The creep and shrinkage strains were measured at regular intervals 
throughout the duration of the test (60 days), as can be seen from 
the charts in Appendix A8. After the Load had been activated init-
ially, the readings were taken at short intervals for the creep 
specimens only. 
The readings taken from all the concrete cylinders may be found in 
Appendix A8. The results from each pair of cylinders Loaded by a 
particular creep frame are processed together to give the total 
creep plus shrinkage strains, as well as the elastic shortening 
strain on application of the load. 
On a seperate sheet, the mean shrinkage strains and the mean total 
deferred strains <creep plus shrinkage) of the two creep frames 
per mix were then combined to give the overall mean creep and 
shrinkage strains for each of the two recycled concretes. The 
creep strain of the concrete was taken to be the total deferred 
strain measured Less the shrinkage strain measured from the 
control specimens. 
Finally, for each of the two mixes, the specific creep strain (to 
be defined below in Section 5.2.8.4) was calculated up to the age 
of 60 days. 
The simplest way in which the creep of concrete could be measured 
would be by relating the actual creep strain measured against time 
under Load. This is known as "creep strain" and is denoted by the 
symbol C. 
A second fairly simple way to represent creep is by using the con-
cept of "specific creep" - denoted by Csp. It is defined as the 
creep strain divided by the applied stress, and it therefore per-
mits the comparison of creep results obtained from different 
stress Levels in the concrete. The stress Level, on the other 
hand, is the applied stress divided by the compressive strength of 
the concrete. 
So far the following symbols have been defined: 
c = creep strain in the concrete; 
p = the applied stress causing creep; 
f£\:! = the compressive strength of the concrete; 
Csp = the specific creep <strain per unit stress), and 
SL = the stress Level in the concrete. 
Therefore, the following equations hold: 
Csp = C/P strain per MPa equation 5.28 
SL = P/fcu x 100% equation 5.29 
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Concrete researchers and engineers favour the use of the specific 
creep approach, but the more recent international design codes 
such as the CEB-FIP 1978 model code, the CEB code of 1970 and the 
Australian code prefer to use either a "creep coefficient" denoted 




bd= the elastic strain due to the load. 
Ec = the elastic modulus of the concrete. 
Equations 5.29 and 5.30 may be combined to yield the following ex-
pression recognising that Ec = "stress over strain" or Pl&ef,. 
Jl = Csp.Ec ••• equation 5.32 
Debate exists, however, on which value of the Young's modulus Ec 
should be used on the above equation. Both the CEB code of 1970 
and the CEB-FIP code of 1978 require the use of the 28-day elastic 
modulus, irrespective of the concrete's age upon loading. The Aus-
tralian code AS*14881, (*57) suggests that it should be the value 
at the time of loading. In his work, Mallows (*49), followed the 
CEB-FIP recommendations and used the 28-day E-modulus, and so too, 
the creep factors in this thesis will be found using the 28-day 
modulus of elasticity. 
If the 28~day E-modulus is not known, then it may be calculated as 
follows using the equatio~ given in the CEB code of 1970 (*58): 
=g;-
.;-r;;-









elastic modulus at 28 days; 
elastic modulus at loading; 
compressive strength at 28 days, and 
compressive strength at loading. 
Mallows (*49) then derived the following formula for converting 
from specific creep to a creep factor which he called the "un-
2i~§~Q_£.C~~I2_f~£!Q.C"· 
• equation 5.34 
In this work, the compressive strength and elastic moduli were 
known for both the age at loading and at 28 days. They were: 
fo = 22 Mpa 
f~$ = 26 MPa <Loaded at 28 days) 
Eo = 23 GPa 
E~i' = 24 GPa 
MIX 2: ------ fo = 33 MPa 
fAf' = 42 MPa <Loaded at 28 days) 
Eo = 28 GPa 
Eo:Le = 29 GPa 
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Mallows then also attempted to convert his experimental data, by 
means of the CEB-FIP creep factors, to a standard set of condi-
tions from which he determined his "normalized 300-day creep 
factor" for various South African aggregates. (By "normalizing" 
the creep factors, an attempt is made to bring these concretes to 
a common, standard composition. This was then his basis of compar-
ison for these different aggregates.) 
The CEB-FIP code of 1970 <*58) has the following theoretical for-
mulation for the creep factor: 
%t = Kc • Kd • Kb • Kc • Kt ••• equation 5.35 
where Kc depends on the environmental conditions; 
Kd depends on the hardening of the concrete at the age 
of Loading; 
Kb depends on the composition of the concrete; 
Ke depends on the theoretical thickness of the member, 
and 
Kt depends on the development of the deferred 
deformation with time. 
The full method of estimating the CEB creep factor is included in 
Appendix A9. The standard set of conditions for the creep factor 
as defined by Mallows (*49) from this creep formulation shown 
above was then as follows: 
( i ) the concrete is Loaded at 28 days of age (Kd = 1); 
( i i) the cement/water ratio is 2.50; (Kb = 1) 
( i i i ) the cement content is 500 kg/m 3 ; 
Civ) the relative humidity is SO%, and 
(v) the effective specimen thickness is 52.5 mm. 
ALL creep tests conducted in the UCT Creep Room using the hydrau-
Lically-controlled creep rig would require 104-105 mm diameter 
cylinders with an effective specimen thickness of 52.Smm. 
Secondly, the relative humidity in the Creep Room is kept constant 
at SO%, and so only the factors Kd and Kb would need to be applied 
to UCT creep results to "normalize" them. 
Mallows' final equation for the "OQ.!:!!!~li~~SLH~~Q_f~f!Q!:" was then 
as follows: 
%n = Csp • E0 • ~Kd • Kb ••• equation 5.36 
Since the 28-day elastic moduli are known for the two recycled 
concretes, equation 5.36 simplifies to the following for this 
thesis: 
~n = Csp Ec 
Kd • Kb 
••• equation 5.37 
This equation will permit the comparison of the creep of there-
cycled concrete to the creep of concretes made from various other 
natural aggregates. The values of Kd and Kb are found from the 
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figures in the CEB creep estimation method of 197a, which is shown 
in Appendix A8. 
As much data as possible for the two recycled concretes will be 
presented in this section and the final 6a-day "unbiased" and 
"normalized" creep factors will be found. 
Loaded at 1a days of 
ff~ at loading 
E-modulus at loading 
E-modulus at 28 days 
ag~; 
= 22 MPa; 
= 22.8 GPa, and 
= 24.2 GPa. 
Initial elastic strain upon load = 39.a x 1a-5 
(this· is the mean of eight strain-gauge readings) 
Applied stress =E.Ec 
d 
: 22.8 X 1a3• * 39.a X 10-5 
= 8.892 MPa 
Stress level = applied stress/ff~ = 4a.4% 
6a-day shrinkage strain = 
6a-day creep strain = 
29.2 X 10-S 
76.a X 1a-6 
85.5 X 1a-s 
per MPa 
6a-day specific creep = 
6a-day "unbiased" creep factor = 85.5 X 1G-6 * 24.2 
= 2.a9 
the creep correction factors are: Kd = 1. a 
Kb = 1.a 
6a-day "normalized" creep factor = 2.a9 
X 1a 3 
The fact that rapid-hardening cement was used and that the con-
crete was loaded at 1a days produces the correction factor of 1.a 
for Kd. The water/cement ratio of a.67 and the cement content of 
212 kg/m 3 gives the value of 1.a for Kb. 
Loaded at nine days 
f£~ at loading. 
E-modulus at loading 
E-modulus at 28-days 
of age 
= 33 MPa 
= 28.aS GPa 
= 28.9a GPa 
Initial elastic strain upon loading = 29.8 X 1 a-s 
Applied stress = E .Ec = 28.as X 1a 3 * 29.8 X 10-s 
et 
Stress level = applied 
6a-day shrinkage strain 
6a-day creep strain 
6a-day specific creep 
= 8.359 MPa 
stresslf£~ = 25.3% 
= 28.6 X 1a-s 
= 51 • 1 X 1 a-s 
= 61.1 x 1 o-6 
per MPa 
6a-day "unbiased" creep factor = 61.1 x 1a-6 * 28.9a x 1a3 
= 1. 77 . 
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The creep correction factors are: Kd = 1.05 
Kb = 0.84 
60-day "normalized" creep factor= 1.77/(1.05 * 0.84) 
= 2.01 
The use of rapid-hardening cement and the Loading of the concrete 
at nine days produces the value of 1.05 for Kd, whereas the value 
of 0.84 for Kb was found using the water/cement ratio of 0.50 and 
the cement content of 284 kg/m 3 • 
~Q!~~ It was initially attempted to Load the recycled concrete cylin-
ders to a stress of 8.50 MPa - this was translated into a gauge 
pressure of 16 535 pounds per square inch - but the pressure 
gauges attached to the creep rig do not have divisions fine 
enough to permit accurate Loading. It was felt that by using the 
concrete strains measured upon Load application, and the known 
moduli of elasticity, a more accurate applied stress value would 
be found. In so doing, the average stress applied to the concrete 
on MIX 1 was 8.892 MPa, and to MIX 2 was 8.359 MPa. 
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The work in Phase 2 has shown that fairly high strengths of up to 60 MPa may 
be attained in recycled aggregate concretes, although it is recommended that 
50 MPa should be considerer! as the "ceiling strength" of these concretes. 
In Phase 3 the strength-development with time of the recycled concretes was 
investigated. Table 5.4 below shows the compressive strengths of the two 
recycled concretes at different ages. The effective cement/water ratio of 
MIX 1 was 1.49, and for MIX 2 it was 1.99. For rapid-hardening cement the 
standard-age-strength is assumed to occur at seven days, and each of the 
strengths in Table 5.4 is therefore expressed as a percentage of the 7-day 
strength. 
MIX NUMBER 1 MIX NUMBER 2 
CONCRETE AGE Mean feu % of 7-day Mean ffld. % of 7-day 
<days) (MPa) strength (MPA) strength 
1 9.3 43.7 12.2 38.9 
3 16.3 76.5 23.8 75.8 
7 21.3 100.0 31 .4 100.0 
8 21 .6 101.4 32.9 104.8 
14 23.5 110.3 37.2 118.5 
28 26.0 122.1 41.7 132.8 
I221~-2~~~--Ib~_£Qm~r~~~iY~-~!r~Q9!b~_Qf_!b~-!~Q_r~£~£1~9_£QQ£r~!~~-~i!b 
!im~ 
A plot of these values may be seen in Figure 5.5. Figure 5.6 was taken from 
Fulton (*17) and shows the compressive strength/age relationship for normal 
concretes made with rapid-hardening cements. The two curves on this diagram 
in Figure 5.6 that corresponded most closely with the 7-day strengths of the 
two recycled mixes were used to determine the strength percentages that 
follow: 
Fulton's mix, AGE IN DAYS feu IN MPa % OF 7-DAY f£1. --simi liar to MIX 1 : 
3 21 68 
7 31 100 
14 38 123 
28 43 139 
Fulton's mix, 3 13 62 
simi liar to MIX 2 7 21 100 
14 26 124 
28 31 148 
Taking the average values of the "percentage of 7-day strength" figures, 
that is, 66% at three days, 100% at seven days, 123% at 14 days and 143% at 
28 days, the estimated strength gain of conventional concretes made with 
rapid-hardening cement is drawn in on Figure 5.5. 
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From Figure 5.5 it is then seen that the recycled concrete appears to mature 
slightly faster than its normal concrete counterpart, that is, the 7-day 
strength is closer to the Long-term strength for recycled concrete. 
Flexural tensile strength: f!f 
The flexural tensile strength of the two recycled concretes was found by the 
centre-point Loading of the small concrete beams, or "beamlets" as they were 
. called previously. The resulting data, also shown in Table 5.3, was as 
follows: 
MIX 1 MIX 2 
effective cement/water ratio 1.49 1. 99 
flexural tensile strength at 7 days (MPa) 3.39 . 5.00 
flexural tensile strength at 28 days (MPa) 4.26 5.16 
For MIX 1, the gain in strength from day 7 to day 28 was 26%, whereas for 
MIX 2 it was only 3% - this should not be seen as significant because it is 
felt that this test is prone to error and will produce results that vary. 
Packard's equation <*49) relating the flexural strength of a concrete to its 
compressive strength was presented in Section 5.1.3 as equation 5.3. Packard 
found this strength to be approximately equal to 68% of the square-root of 
the compressive strength for ordinary Portland cement at the age of 28 days. 
Applying this equation to the avaliable data for the recycled concretes, the 
following figures are·obtained: 
~g_1~ f£!::! at 7 days : 21.3 MPa 
ftf at 7 days <estimate) : 3.14 MPa . . . ( 1) 
ftf at 7 days -- (actuaL) : 3.39 MPa 
f£!::! at 28 days : 26.0 MPa 
ftf at 28 days (estimate) : 3.47 MPa . . . (2) 
ftf at 28 days -- (actual) : 4.26 MPa 
~g_f~ feu at 7 days : 31.4 MPa 
ftf at 7 days <estimate) : 3.81 r~Pa . . . (3) 
ftf at 7 days (actual) : 5.00 MPa 
feu at 28 days : 41.7 MPa 
ftf .at 28 days <estimate) : 4.39 r~Pa . . . (4) 
ftf at 28 days -- (actua U : 5.16 MPa 
The actual flexural tensile strengths of the two recycled concretes were 
therefore consistently higher than Packard's equation would suggest. The 
general form of Packard's equation is: 
f!f = K * SQRT( feu ) ••• equation 5.38 
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There is therefore no unique value for this coefficient K, although it may 
then be stated that the flexural tensile strength of recycled concrete will 
be between 73% and 89% of the square-root of its compressive strength at any 
age. The average value for K was, however, 0.82. 
The values for K at 28 days with rapid-hardening cement were 0.84 and 0.80, 
which is a much narrower range than the above one, and the mean value of K 
was again 0.82 for 28-day results only. 
For the flexural tensile strength of Lightweight concrete, Swamy (*42) dev-
eloped an equation of the same form as equation 5.38 - where the value of 
the coefficient K in his formulation was 0.75 -which is somewhat closer to 
the value of 0.82 that was found above for recycled concrete. 
The tensile strength of the two recycled conretes was found by the splitting 
of cylinders under compressive Loading- known as the "Brazilian" splitting 
test. The resulting data, also shown in Table 5.2, was as follows: 
MIX 1 MIX 2 
effective cement/water ratio 1. 49 1.99 
splitting strength at 7 days (MPa) 2.04 3.85 
splitting strength at 28 days (MPa) 3.17 4~32 
For MIX 1, the gain in strength from seven to 28 days was 55%, whereas f~r 
MIX 2 it was again lower at only 12%. The splitting test produced a much 
narrower range of results, as will be seen from the comparison of Table 5.2 
and Table 5.3, than did the flexural test. The stronger mix, namely MIX 2, 
therefore definitely matures quicker than the weaker mix with respect to 
flexural or tensile strength. The opposite of this applied with compressive 
strength. 
The CEB-FIP formula (*38) relating the tensile splitting strength of a con-
crete to its compressive strength was presented in Section 5.1.3 and is: 
fts = C * CUBRT( feu 2 ) equation 5.1 
the value used for estimates of the coefficient C is 0.24. 
The application of this formula to the data found for the two recycled 
concretes is as follows: 
MIX 1 - at 7 days: feu 
f!~ (estimate) 
f!~ <actual) 
corrected value of C 
= 21.3 MPa 
= 2.11 MPa 
= 2.04 MPa 
= 0.27 
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- at 28 days: feu = 26.0 MPa 
fts <estimate) = 1. 84 ~1Pa 
fts (actual) = 3.17 MPa 
corrected value of c = 0.36 
= ,.. MIX 2 - at 7 <!ays: feu 31.4 MPa -fts (estimate) = 2.39 ~1Pa 
fts <actual) = 3.85 MPa 
corrected value of c = 0.39 MPa 
.. at 28 days: feu = 41.7 MPa 
fts (estimate) = 2.89 MPa 
fts Cactua L) = 4.32 MPa 
corrected value of c = 0.36 
The actual splitting strengths of the recycled concretes are again consis-
tently higher than the CEB-FIP equation would suggest - in fact they are 
significantly greater, at between 11 and 61% above the estimated strengths. 
Using the general ferm of equation 5.1, the values of the coefficient C were 
between 0.27 and 0.39 for recycled concrete with rapid-hardening cement at 
any age. 
From the two 28-day values, the value of the coefficient C was 0.36 in both 
instances. This fact indicates that, although rapid-hardening cem~nt may be 
used to achieve high early compressive strengths, the maturity of the 
concrete in tension or flexur~ is maintained at a Later age, namely 28 days • 
... 
In ~is work with Lightweight concretes, Swamy (*42) again used an equation 
of the same form as equation 5.38, namely: 
fts = K * SQRTC feu • equation 5.38 
this time his value of the coefficient K was 0.56. 
For each of his four ~f!~~l results, the value of K in this equation would 
then be: 
( 1 ) K = 0.44 
(2) 1(. = 0.62 
(3) K = 0~69 ·-· 
(4) K = 0.67 
Again there is no unique value for the coefficient K as it has a range of 
0.44 to 0.69 and a mean value of 0.61 for rapid-hardening cement at any age. 
As expected, the range narrows considerably when only the 28-day values are 
used, namely 0.62 to 0.67, and the mean value for K at 28 days is then 0.64. 
Swamy's formulation for Lightweight concrete is again more accurate than the 
other methods_proposed to estimate the flexural or tensile strength of 
recycled concrete. 
In general, it may therefore be stated that no shortfall of flexural or 
tensile strength will occur in recycled concrete- a fact that has been 
echoed by other researchers such as Gluzghe <•1) and Malhotra (*31). 
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Young's modulus of elasticity of each of the two recycled concretes was de-
termined at the ages of seven and 28 days following the standard method of 
BS 1881, Part Five of 1970 <*40). 
The data obtained for the two recycled concretes was then as follows: 
MIX 1 MIX 2 
effective cement/water ratio 1 .49 1. 99 
E-modulus at 7 days 22.80 GPa 28.05 GPa 
E-modulus at 28 days 24.20 GPa 28.90 GPa 
For the weaker concrete of MIX 1, the gain in stiffness from days seven to 
28 was 6.1% and for MIX 2, the stronger concrete, the gain was again Lower 
at only 3.0%. So, just as was the case with the flexural or tensile stren-
gths, the recycled concrete with the higher cement/water ratio~ or for that 
matter, cement content, matures further with respect to elastic modulus than 
does the concrete with the Lower cement/water ratio. 
In Section 5.1.4 numerous equations were presented which express the elastic 
modulus of a concrete as a function of its cube strength, cylinder strength 
and sometimes density. The following ones will be used as a comparison with 
the results found for the two recycled concretes: 
(i) the CEB-FIP recommendation (*38>: 
E = 6.6 * SQRT (cylinder strength) • equation 5.12 
(ii) Davis' equation for South African aggregates (*28): 
E = 4.9 * SQRT (cube strength) • equation 5.17 
(iii) the CEB formula of 1976 <*58): 




The "cylinder strength" and "cube strength" of a concrete. is not the same, 
but researchers have found that the cylinder strength (f£~) is approximately 
equivalent to 80% of the cube strength (f£~) - as was shown in equations 
5.18 (a) and (b) of Section 5.1.4. 
The CEB-FIP equation, number (i) above, therefore becomes: 
E = 6.6 * SQRT( 0.8 f£~ ) = 5.9 * SQRT <cube strength) 
which produces a somewhat Larger value for E than does Davis' equation. 
The general form of the first two equations is therefore: 
E = Ke * SQRT( feu ••• equation 5.39 
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Another set of equations estimating the E-modulus are found from the tech-
nology of lightweight concrete- which appears to be similiar to that of 
recycled concrete in many respects. They are: 
( i v) CEB-FIP (*38): 
E = 0.0018 * SQRT( w .ffl: equation 5.13 
.'. E = 0.0016 * SQRT( w .feu equation 5.13 (a) 
(v) Pauw (*43) (ACI equation): 
E = 0.043 * SQRT( w .feu ) ••• equation 5.20 
(vi) Schaff ler (*44): 
E = 0.000 06 * SQRT( m3.f£~ ) equation 5.21 
<vii) Swamy <*42): 
E = 0.97 m * SQRT( f.£~ ) I 106 equation 5.19 
where m is the "mass density" of the concrete in kg/m 3 and w is 
the "weight density" in kN/m 3 • The feu in these equations is ex-
pressed in megapascal, but for equation (iv) it is in kPa. 
The general form of these equations for lightweight concrete is then: 
E = Ce * SQRT( m 3 .ff~ ) ••• equation 5.40 
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Table 5.5 overleaf shows the comparison of the actual elastic moduli with 
those calculated by methods (i) to (vii) presented above. It will be seen 
that these equations generally overestimate the stiffness of the two 
recycled concretes, although Davis' equation 5.17 for natural South African 
aggregates, and Pauw's ACI equation 5.20 for Lightweight concretes produce 
the closest results to the actual E-modulus values. 
Using the two "general-form" formulae in equations 5.39 and 5.40, the values 
of the coefficients Ke and Ce were calculated corresponding to the actual 
values of the E-moduli of the recycled concretes. This was also done in 
Table 5.5. 
Equation 5.39 depends only on the compressive cube strength of the concrete 
and a MPa value for f.£~ results in a GPa value for E. In equation 5.40, both 
the ff~ and density of the concrete is considered and the units to be used 
are kg/m 3 for the density (m) and MPa for both the f.£~ and elastic modulus. 
The range found for the coefficient Ke in equation 5.39 at any age was 4.48 
to 5.01 with an average value of 4.80. The ranges become narrower if Ke is 
considered only at one particular age of the concrete, that is, at seven 
days with rapid-hardening cement it is between 4.94 and 5.01 with a mean 
value of 4.97. For a 28-day determination the range of Ke is 4.48 to 4.75, 
with a mean value of 4.61. 
The same trend applies to the coefficient Ce in equation 5.40: at any stage 
the range is 0.039 to 0.044 with a mean of 0.042; at seven days with rapid-
hardening cement the values are almost identical at 0.043, and at 28 days 
the range is very narrow, namely 0.039 with a mean value of 0.040. 
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PARTiCLLLAR5 OF MIX 1 MIX 2 
EACH C.ONCIZ.EfE at 1 do'1s at 2B dCI'J5 at 7 da'15 at 2B da'IS 
A c. tu.a \ cu.be shr.tl~th (MPa.) 21.3 2b.O 31.4 41.1 
Actu.al Mass denst'b ( k!l/,.,s) 233t 23h5 l3b :r 231{, 
Actual wc.ilht dtnsd;j ( kN/rn 22 .1.3 2.3. Zo 23.22. 23.3i 
Ach.tal (- Modulu.s C &Pa) 22.8 24.l ZB.o 28.9 
E S tirHlttS cf E- noduiL 
(.(.) E (&Po.) Jt.2 30.1 33.1 38.1 
(ti.) E ( Gfa) (Davis) 2l.h 25.0 27.5 31.b 
\.iii) £ ( Gfa \ 21·3 z~.8 31.3 34.l 
UV) £· l Gra) 25.(:, ze.?> 31.1 3b.8 
\V) E ( (ifQ) ( fauw) 21.8 24.5 2t-O 31.2 
(yL} E ( GYQ) 31.3 .35.2 3&.1 44-.~ 
(Vi\\ E ( &YQ) 2+·5 21.1 3o.5 35.+ 
Recalculo.l:td coefficltrt t vu \uc.5 : 
tof Ke. 4.H 4.75 5.01 4.48 
for Ce 0.044 0.04-1 o.o+3 o.o3q 
TAflLE 5. 5. CoMPa'fiSon of the actual £-Moduli oF the. 
re.c~cle.d conud.c. wtlh. va-rious e.stiMatc.d. values. 
The use of the following two equations is then recommended for the deter-
mination of the modulus of elasticity in recycled concretes: 
1. If only the compressive strength of the concrete is known: 
E = Ke * SQRT (feu) ••• equation S.39 
where Ke = 4.97 for rapid-hardening cement at 7 days, and 
Ke = 4.61 for rapid-hardening cement at 28 days. 
2. If the mass density of the concrete is also known, then the 
following formula would be preferred: 
••• equation S.40 
where Ce = 0.043 for rapid-hardening cement at 7 days, and 
Ce = 0.040 for rapid-hardening cement at 28 days. 
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In general, it does however appear that for equal compressive strengths, the 
recycled aggregate has a Lower modulus of elasticity than does the normal 
concretes, which is evident from the stiffness comparisons in Table S.S. 
This is in accordance with the findings of other concrete researchers such 
as Fondistou-Yannas <*S) and Hansen (*4S). But again it is evident that no 
shortfall in stiffness results with the recycled concretes, and using the 
"ceiling strength" of SO MPa mentioned before, the maximum E-modulus that 
may be used in a recycled concrete from equation S.39 is 3S GPa, and from 
equation S.40 is 36 GPa. 
From each 0f the two recycled concretes that were made, four cylinders were 
tested in the hydraulic creep rig and two cylinders were placed unloaded 
with those Loaded for a duration of 60 days. The unloaded specimens served 
to monitor the drying shrinkage that would have occurred over those 60 days. 
T~ shrinkage strains of the two recycled concretes that resulted after the 
60 days in an atmosphere of temperature 23° C! 1°C and relative humidity of 
SO%:!: 4% were very similiar in magnitude- the weaker mix,/IIIIX 1, showed a 
strain of 29.2 x 10~ and the stronger mix, MIX 2, a shrinkage of 28.6 x 10~~ 
The full details of each of these concretes with regard to their compressive 
strengths, age of Loading, elastic moduli, applied stress and stress Levels 
may be found in Section S.2.8.S. To enable comparison with conventional 
concretes, the 60-day "unbiased" and also "normalized" creep factors, as 
defined in Section S.2.8.4, were calculated. · 
The unbiased 60-day creep factor for MIX 1 was found to be 2.09, whereas for 
MIX 2 it was found to be 1.77- which woul~ be expected as the concrete from 
MIX 2 was subject to a Lower stress Level of 2S%, as opposed to the stress 
Level of 40% for MIX 1. The higher cement content of MIX 2 would also aid in 
reducing its creep potential compared to MIX 1. On the other hand, MIX 2 
was, however, Loaded one day earlier than was MIX 1, which would increase 
its creep potential slightly. 
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The normalized 60-day creep factors for the two recycled concretes are: 
MIX 1, the weaker concrete, 2.09; and MIX 2, the stronger concrete, 2.01. As 
expected, the process of "normalizing" the results to a standard set of 
parameters, as discussed in Section 5.2.8.4, has brought the creep factors 
fer the two recycled concretes quite close together. The mean 60-day normal-
ized creep factor for the recycled aggregate concrete is then 2.05. It is 
assumed that the process of "normalizing" has taken account of the different 
cement/water ratios, ages of Loading, and especially the different stress 
Levels applied to the two concretes. The fact that the 60-day factor for MIX 
2 is slightly Lower than for MIX 1 is attributable to the Lower stress Level 
this concrete has received. 
(i) In his MSc thesis of 1981, Hoppe (*59) investigated the creep and 
shrinkage of concrete made with Windhoek quartzite aggregate. The 
concrete which he made had a cement content of 445 kg/m3, 515 
kg/m 3 of sand, and 1280 kg/m 3 of a two-sized coarse stone. When 
200 Litres of water per cubic metre was added, the cement/water 
ratio was 2.23 and the feu at 14 days was 43.1 MPa. 
Hoppe's shrinkage specimens were stored in the same creep room as 
were the ones belonging to this author, and the 60-day shrinkage 
strain was found to be 40.5 x 10·5 • 
(ii) Ballim and Alexander (*60) of the University of the Witwatersrand 
conducted shrinkage and creep tests on concretes made with ande-
site and quartzite aggregates found in the Transvaal. For each 
aggregate type, cement/water ratios of 1.20 to 2.40 were investi-
gated - the cement contents were between 246 and 492 kg/m 3 for 
the andesi~ and between 258 and 516 kg/m~ for the quartzite. The 
water and ~-contents of the mixes were kept constant, that is, 
205 l/m 3 of water and 1005 kg/m~ of stone for the andesite con-
crete, and 215 L/m~ of water and 1036 kg/m3 of stone for the 
quartzite concrete. For the sand contents, the andesite mixes had 
between 844 and 1073 kg/m 3 and the quartzite concretes between 
640 and 861 kgfm3. 
The shrinkage specimens were stored at a temperature of 21°C and 
on average relative humidity of 43%. This means that these con-
cretes were likely to shrink slightly more than the ones in the 
UCT Creep Room. The 60-day shrinkage strains of the quartzite 
concrete were between 36 and 44 x 10-~ For the andesite con-
cretes the 60-day shrinkage strains were marginally Lower at 
between 32 and 38 x 10-5 • 
(iii) If the CEB-FIP method (*38) of estimating the shrinkage of a 
concrete is used, as is shown in Appendix A9, another value may 
also be obtained for comparison purposes. The formula for the 
shrinkage is: 
Shrinkage strain = S • K 1 • K2 • K3 • K4 • equation 5.41 
where S = the basic ultimate shrinkage strain of an unreinforced 
concrete and its volume is found in the figure prov-
ided; 
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K1 = a factor that depends on the thickness of the section; 
K2 = a factor dependent on the cement/water ratio and 
cement content; 
K3 = a factor accounting for the age of the concrete, and 
K4 = a factor that accounts for the amount of steel rein-
forcement. 
For the two recycled concretes made, the values of these 
parameters were: 
s = 37.0 X 10-s. , 
Kl = 1.2; 
K2 = 1.04 (MIX 1) and 1.10 (MIX 2); 
K3 = 0.70 for the 60-day determinant, and 
K4 = 1.00, as there is no reinforcement. 
The CEB-FIP estimate of the 60-day shrinkage strain is therefore 
32 x 10-5 for MIX 1, and 34 x 10- 5 for MIX 2. 
The CEB-FIP method produced a fairly accurate estimation of the 
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60-day shrinkage for the recycled concretes. It yielded a mean / 
value of 33 x 10--; whereas the actual mean shrinkage was 29 x 10-s 
The shrinkage of the recycled concrete was Less than the con-
cretes made with the Windhoek quartzite <40 x 10- 5 >, the 
Witwatersrand quartzite (mean of 40 x 10-5), and the Eikenhof 
andesite (mean of 35 x 10-5). 
The recycled concretes should, however, have experienced greater 
shrinkage strains than did the conventional concretes, as re-
cycled concretes are considered to have a higher creep and 
shrinkage potential. This potential was discussed in Section 
5.1.8, but no tests were performed. 
(i) The Windhoek quartzite concrete made by Hoppe (*59) was Loaded at 
14 days when the f£y (with OPC) was 43.1 MPa, the E-modulus was 
28.50 GPa and the stress applied was 10.13 MPa. This meant that 
the stress Level was 23.5%. At 28 days the elastic modulus was 
31.35 GPa. 
The 60-day creep strain was found to be 54 x 10-5, the specific 
creep at this age therefore 53.3 x 10-6 / MPa, and the 60-day 
unbiased creep factor therefore 1.67. 
To convert this value to the "normalized" .creep factor, the values 
of Kb and Kd are found from the appropriate CEB 1970 <*58) tables. 
The Loading of an OPC concrete at 14 days means that Kd = 1.20, 
and the water/cement ratio'of 0.45 with a cement content of 445 
kg/m 3 yields a value of 1.04 for Kb. The 60-day normalized creep 
factor for Hoppe's concrete is therefore 1.34. 
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Cii) In his MSc thesis of 1985, Mallows <*49) investigated the c~eep 
characteristics of various South African aggregates. From his 
work, the figures for the unbiased and normalized creep factors of 
these aggregates at 60 days, shown in Table 5.6, were extracted. 
Mallows also made the following interesting conclusions regarding 
the creep factors of a concrete: 
(a) The creep factor increases by 25% if Eastern Province cements 
are used as opposed to Western Province cements; 
• (b) The creep factor increases by 25% ~f rapid-hardening cement is 
used as opposed to ordinary Portland cement; 
(c) The use of an admixture, Pozzolith P4, increases the creep 
factor by 23% if the water content remains the same, and 
(d) The creep factor will be reduced by 45% if heat curing is 
applied to the concrete. 
From Table 5.6, the mean 60-day normalized creep factors for the 
various aggregates are thus: 
1. Eastern Cape quartzite 1.25 
2. Garden Route quartzite 1.16 
3. Garden Route reef quartzite 1.32 
4. Plettenberg Bay reef quartzite 1.17 
5. Bloukrans quartzite sandstone 1.78 
6. Moregrove quartzite 1.32 
7. Coega pure quartzite 1.71 
8. Arnoldton micaceous quartzite 1.70 
9. Border pyritic quartzite 1.09 
10. Transkeian dolerite 1.09 
11. Cape Town hornfels 1.62 
12. Cape Town granite 1.45 
13. Windhoek quartzite 1.34 
14. Aggregate recycled from crushed concrete 2.05 
As was expected from the discussion of the creep and shrinkage 
potential of recycled concretes in Section 5.1.8, the 60-day 
normalized creep factor for the recycled aggregate concrete is 
substantially more than those for the natural South African ag-
gregates. It is, for example, 26% higher than for the hornfels 
commonly used in the Cape Town area, and 41% higher than for the 
other common Cape aggregate, namely granite. 
In the determinations of these creep factors for the Cape granite, 
hornfels and recycled aggregate, rapid-hardening cement as well as 
Klipheuwel sand were used in all three instances, so direct com-
parison between these three aggregates is then fully valid. 
From Mallows' second conclusion, the probable 60-day normalized 
creep factor for the crushed concrete aggregate could be as Low as 
1.64, had ordinary Portland cement been used. This certainly 
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improves the creep outlook for recycled aggregate concrete, but 
its "higher than average" creep potential should not be 
overlooked. 
Unfortunately, none of the international researchers into recycled 
concrete appear to have done any creep testing on these concretes, 
and so no other figures are available for comparison. Based on 
their experience with conventional and Lightweight concretes, they 
have however, also recognized the higher creep potential that 
should exist for recycled aggregate concretes. This would be 
Largely due to the lower stiffness of such recycled aggregates 
which therefore offer Less resistance to volumetric change than 
would hard natural stone. 
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The aim of this thesis was to introduce the concept of concrete recycling, 
i.e. crushing a demolished concrete to produce aggregate and using it in 
fresh concrete. The work was done in three phases, and it is hoped that it 
may serve as a guide to prospective users of concrete. 
Various tests were performed on the samples of recycled aggregate collected. 
The tests were done according to the BS 812 and SASS 1083 specifications, 
and the results from these tests may thus serve as a database for work 
involving recycled aggregates. 
(i) The recycled aggregates were found to have a fairly harsh sur-
face texture, but were mostly of satisfactory shape as their 
flakiness and elongation indices compared favourably with those 
of natural stone. 
(ii) The recycled fine aggregates (or "sand"), i.e. all particles 
below 4.75 mm in diameter, were found to have rather high fine-
ness moduli -generally between 2.93 and 3.36. These fines were 
also prone to bulking when wetted. 
(iii) The angularity of the coarse recycled aggregate, -as measured by 
its angularity number, depends Largely on the crushing process 
employed. For a particular process, the angularity numbers of 
the aggregate will fall into a fairly narrow range. 
< i v) The absorption of water by porous 
important parameter in the making 
commonly-used 13.2 - 19.0 mm size 
coefficients for these aggregates 
recycled aggregates is an 
of recycled concrete. For the 
fraction, the absorption 
were between 5.0 and 7.9%. 
(v) The absorption and porosity of a recycled aggregate increases as 
--17 the particle size decreases - this is because the natural stone 
of the parent concrete is contained mainly in the Larger size 
fractions - and it is the mortar of the parent concrete that 





The specific gravity of a recycled aggregate is Less than those 
of its constituent sand and stone, due to the porosity of the 
aggregate. The "apparent" specific gravity as a porous material 
should be determined and this value used in batch calculations. 
Since the 10% fines crushing test was found to produce rather 
variable results , a new test called the "Remoulded Peak Stre-
ngth Test" was developed to gain a more accurate measure of the 
recycled aggregate strengths. The peak strength of a recycled 
concrete was then found to be between 56 and 71 MPa, although a 
"ceiling-strength" of 50 MPa for such concrete was then sug-
gested. 
Recycled aggregates are by their nature prone to contamination 
by deleterious substances such as chlorides and sulphates. Only 
slight traces of sulphate were found in two of the samples col-
Lected, otherwise no contaminants were encountered. 
CONCLUSION 
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The water demand of recycled fine aggregates was investigated and compared 
to a natural sand. A series of recycled mixes were made using a coarse 
recycled stone and a natural sand so that the concrete-making properties of 
such a process could be established. In this test series, the coarse re-
cycled aggregate was WET-batched. Methods for the DRY-batching of recycled 
aggregate were then discussed and in the final test of this phase, a com-
parison was made between the WET- and DRY-batching methods of producing · 
recycled concretes. 
(i) The water demand of the recycled sand for a 75 mm slump using a 
13.2 - 19.0 mm stone size with rapid-hardening cement was found 
to be 258 Litres per cubic metre. For the Klipheuwel sand the 
corresponding figure was 171 Litres, which indicates the high 
water requirement, and consequently, high cement contents that 
would result using fine recycled sand as the fine aggregate of a 
concrete. 
(ii) In the process of pre-soaking and wet-batching the recycled 
coarse aggregate, the porosity and absorption characteristics of 
these aggregates are neutralized and good concreting properties 
are attained. Care should be taken to achieve a consistent water 
content in these recycled stones from batch to batch, or else 
strength fluctuations will occur. Strength charts for different 
stone:sand ratios are shown in Section 4.2 and the required 
cement:water ratios may be obtained from these. 
(iii) The wet-batch method produces good workability in the fresh 
concrete, especially when the sand content is between 40 and 50% 
by mass of total aggregate. For this range of ~sand content, 
the mortar excess of between 3 and 11% is within desired Limits, 
and good finishing of the concrete would be possible. 
Civ) Lean recycled concrete mixes {i.e. Low cement:water ratio) are 
prone to segregation, which is especially evident when the sand 
content is also Low. 
{v) Compressive strengths of up to 62 MPa were attained with cement: 
water ratios of laet~Je~rfti and 3.0, indicating that fairly 
strong concrete is possible when recycled coarse aggregates are 
used. For the same cement:water ratio, an increase in the sand 
content is seen to produce an increase in strength. 
<vi) In the mix calculations, i.e. batch and yield determinations, it 
is important to use the correct val~es of the specific gravity 
of the aggregates, else disparities will arise. These should be 
determined as shown and then applied in calculations - the 
porous or apparent specific gravity of the recycled stone is 
particularly important. The absorbed water inside the pores of 
the recycled stone should not be included in the volume-yield of 
the mix. 
{vii) If dry batching of recycled aggregate is preferred, then the 
absorption potential of the aggregate must be accounted for. 
This can be done in thre~ ways: 
CONCLUSION 
(a) By using the additional absorption coefficient to enable more 
accurate use of the !ff!f!i~! cement:water ratio and thereby 
save an appreciable amount of cement. (Section 4.2.3.1) 
(b) By using the absorption coefficient of the aggregate and then 
adding free water to the mix to again save cement and also im-
prove workability. (Section 4.2.3.2) 
(c) By using a strength chart of the grQ~~ cement:water ratio, 
thereby bypassing the question of water absorption and also 
being independent of control concretes. <Section 4.2.3.3) 
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Large batches of two recycled concretes <one weak and one strong) were made 
using a 9- 13 mm stone, Klipheuwel sand and rapid-hardening cement. 
Specimens were made to test the compressive strength gain of the concrete 
with time, the tensile strengths, the modulus of elasticity, and the 
shrinkage and creep characteristics of the recycled concrete. 
(i) A plot of compressive strength against time, as in Figure 5.5, 
shows that recycled concrete is no different from its conven-
tional counterpart, other than that appears to reach maturity in 
terms of compressive strength at an earlier age. 
<ii) The recycled concretes had satisfactory flexural strengths that 
were somewhat higher than what the predictive equations for nor-
mal concretes would produce. The following relation was found for 
the recycled concrete: 
ftf = 0.82 * SQRT (feu) 
(iii) The same satisfactory trend was found regarding the tensile 
splitting strength of recycled concrete and the following 
formulae were generated for the 28-day age with rapid-hardening 
cement: 
fts = 0.36 * CUBERT (feu ) 
f!~ = 0.64 * SQRT (f£~) 
(iv) The elastic moduli of recycled concretes are lower than those of 
a conventional concrete of equal compressive strength. This is 
because of the lower elastic modulus of the recycled aggregate 
compared with natural stone. The modulus of elasticity of re-
cycled concrete would generally be between 15 and 30% Lower than 
a control concrete. The following relations were established: 
E = Ke * SQRT (feu) 
with Ke = 4.97 at 7 days, and Ke = 4.61 at 28 days. 
E = Ce * SQRT (m .f£~) 
with Ce = 0.043 at 7 days, and Ce = 0.040 at 28 days. 
CONCLUSION 
The mass density is denoted by a ~ and the second formula is 
preferred provided that the value of m is known. 
(v) Researchers have predicted, and found, that recycled concretes 
experience greater shrinkage than normal dense concretes. But in 
this work the shrinkage values found were very much in the same 
range as those available for conventional concretes. 
(vi> The 60-day creep factors of the recycled concrete were 
"normalized" by the method described by r~allows (* 49), which 
uses the CEB 1970 (* 58) creep prediction tables. In this way 
direct comparison of creep potential between different types of 
aggregates is possible. As expected (from theoretical consider-
ations) the creep of the recycled concrete was higher than that 
of conventional concretes. For rapid-hardening cements the 60-day 
creep factor was normalized at 2.05, and if ordinary Portland 
cement was to be used it would be about 25% Lower. Certain Eas-
tern Cape aggregates renowned for their creep potential in con-
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crete would have marginally higher creep factors <1.70- 1.80} __ -----anP{_ 
than the recycled aggregate. As a comparison, the hornfels~a-
nite aggregates commonly used in the Cape Town area have 60-day 
creep factors of 1.62 and 1.45 respectively. 
In general, recycled aggregate is found to be very similiar to conventional 
concrete in both the fresh and hardened states. The main factor for consid-
=--f1eration is the absorption due to porosity of the recycled aggregates ~ once 
it is accounted for, the concrete is no different. The recycled fine aggre-
gate has a high water demand, very coarse grading and may be contaminated 
by, for example, sulphates, and its use in good quality plain or reinforced 
concretes. would not be recommended. 
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Sieve.- Analysis of [,.u.shed Rubble Sot'lple.s. 
.5.A MPLE REF. NO . 
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q.~ )-h~ 14-.f: 
. . ---~------ ----~----f--------------· ·-· 45.t j<i.. 2. ··- --· ---- ---- -- --~--- ··- -. 
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Sieve.- Ana.lysis of C.rush~d. Rubble 5al"lple.s . 
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1------f--------·--------------- --------- ··- ---- -----· ------- --
1----+-·--------- -- ------------------ ···-·- ------------ --- ----- -
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Sie'le..- Analysis ·of . C-rushed. Rubble SCA1'1ple.s. Cloytol) F-r/ct I u .C.T . 
.SAMPLE REF NO. 
Gross weisht _ 
..... _ 13.2 
. -
---~:? __ ------- ' ' ..; - - J. ~ \)_ --- -
---- 11.,4~- -- -- . 
- --
1J5- ------ l'24i 
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--·--·----
.. I --· } 




Modu.hts of ags1"ejate. _' _too .: 
., 
1<. :. 0. _, -· --
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.5A MPLE" REF. NO. 
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- _lj_.g_ ----- ..... (i~? -~ ... 1 
.... . 
.)-"t-
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,. ---.-----------+---------- ---·---------- ---------- ---- ---- ------------- --
··--- f---• -~'-----t----"3'--/~_,L:.....:;o2. ____ __ _:~_:_B_ _ _ _ ___ _ }~'.: _ _?_· _________ -~:!:_2_. __ .. 
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1. BS812 specifications for Particle Shape Analysis 
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D£J'EilMINATION 011 FLAKINESS INDEX 
15. a. GeOe.raL The flakiness index of an aggregate is the percentage by weight 
of particles in it whose least dimension (thickness) is less than three fifths of 
their mean dimension. The test is not applicable to material passing a ~ in 
(6·35 mm) BS sieve. 
b. Apparatus. (i) A metal thickness gauge of the pattern shown in Fig. 5 or 
special sieves having elongated slots. The width of the slot used in the gauge or 
sieve shall be the dimension specified in the ' thickness gauge • column of 
Table 9 for the appropriate fractions. 
(ii) A balance accurate to 0·5 per cent of the weight of the test sample. 
c. Sample quantity. A quantity of aggregate shall be taken sufficient to pro-
vide at least 200 pieces for each size fraction which constitutes more than IS per 
cent of the sample, and at least 100 pieces for each size fraction which constitutes 
between 5 per cent and 15 per cent of the sample. Size fractions which constitute 
less than 5 per cent of the sample shall not be tested. 
d. Sieving. The sample shall be separated into the appropriate size fractions 
from Table 9, Columns 1 and 2 by sieving in accordance with the method de-
scribed in Clause 11. 
e. Separation of flaky material. Each appropriate fraction shall be gauged in 
turn for thickness on the thickness gauge or in bulk on the special sieves. 
f Weighing of ftaky material. The total amount passing the thickness gauge 
or special sieves shall be weighed to an accuracy of at least 0·5 per cent of the 
weight of the test sample. 
g. Reporting of results. The flakiness index is the total weight of the material 
passing the various thickness gauges or special sieves, expressed as a percentage 
of the total weight of the sample gauged to the nearest whole number and shall 
be reported together with the sieve analysis. If required the weight of each 
fraction passing the thickness gauge or special sieve shall be reported as a per-
centage of the weight of the fraction. 
DETERMINATION 01' i:LONGATION INDEX 
16. a. General. The elongation index of an aggregate is the percentage by weight 
of particles whose greatest dimension (length) is greater than 1% times their 
mean dimension. Normally, the properties of interest to the engineer are suffi-
ciently covered by the flakiness or angularity tests. The elongation test is not 
applicable to material passing a ~ in (6·35 mm) BS sieve. 
b. Apparatus. (i) A metal length gauge of the pattern shown in Fig. 6. The 
gauge lengths shall be those specified in the ' length gauge ' column of Table 9 
for the appropriate fraction. 
(ii) A balance accurate to 0·5 per cent of the weight of the test sample. 
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c. Sample quantity. A quantity of aggregate shall be taken sufficient to pro· 
vide at least 200 pieces for each size fraction which constitutes more than 15 per 
cent of the sample, and at least 100 pieces for each size fraction which constitutes 
between 5 per cent and 15 per cent of the sample. Size fractions which constitute 
less than S per cent of the sample shall not be tested. 
d. Sieving. The sample shall be separated into the appropriate size fractions 
from Table 9, Columns l and 2 by sieving in accordance with the method 
described in Clause 11. 
e. Separation of elongated IWlterial. Each appropriate fraction shall be 
gauged in turn for length on the length gauge. 
f. Weighing of elongated material. The total amount retained by the length 
gauge shall be weighed to an accuracy of at least 0·5 per cent of the weight of 
the test sample. 
g. Reporting of r~ults. The elongation index is the total weight of the material 
retained on the various length gauges, expressed as a percentage of the total 
weight of the sample gauged to the nearest whole number and shall be reported 
together with the sieve analysis. If required the weight of each fraction retained 
on the length gauge shall be reported as a percentage of the weight of the 
fraction. 
TABLE 9. DIMENSIONS OF THICKNESS AND LENGTH GAUGES 
Size of agareaate 
Pa&Siiing Retained 
Thickness aau~:e • 
BS 1ieve BS 11ieve 
·-· ·- . -. --·- -·· -· -·. 
in mm in mm in mm 
2~ 63·50 2 . 50·80 1-35 ± 0·01 34·3 ± 0·25 
2 50·80 1~ 38·10 1·05 ± 0·01 26·7 ± 0·25 
1~ 38·10 1~ 31-75 0·825 ± 0·01 20·95 ± 0·25 
1~ 31·75 1 25·40 0·675 ± 0·005 17-15 ±0·13 
1 25·40 ~ 19·05 0·525 ± 0·005 13-34 ± 0·13 
~ 19·05 ~ 12·70 0·375 ± 0·005 9·53 ± 0·13 
* 12·70 % 9·52 0·263 ± 0·001 6·68 ± 0·03 " 9·52 ~ 6·35 0·188 ± 0·001 4·78 ± 0·03 
• This dimension is equal to 0·6 time~ the mean sieve size. 
t Thia dimension ia equal to 1·8 times the mean aicvc size. 
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~------- --------- ··-·- -· 
in nun 
- -
3-15 ± 0·01 80·0 
2·475 ±0·01 62·86 
- -
1-57 ± 0·01 39·9 
1-12 ±0·01 28·5 
0·79 ± 0·01 20·1 
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DETEilMINATION OP ANGIILAIUTY NUMBER 
17. a. General. Angularity, or absence of rounding of the particles ofan aggre-
gate is a property which is of importance because it affects the. ease of handling 
of a mixture of aggregate and binder (e.g. the workability of concrete) or the 
stability of mixtures that rely on the interlocking of the particles. It is em-
phasized that this is a method intended for determining this property of an aggre-
gate for mix design and research purposes. 
The angularity number is a measure of relative angularity based on the per-
centage of voids in the aggregate after compaction in the prescribed manner. 
The least angular (most rounded) aggregates are found to have about 33 per 
cent voids and the angularity number is defined as the amount by which the 
percentage of voids exceeds 33. The angularity number ranges from 0 to about 12. 
Since considerably more compactive effort is used than in the test for bulk 
density and voids (Clause 24), the results of the two tests are ditl"erent. Also, 
weaker aggregates may be crushed during compaction, and the angularity 
number test does not apply to any aggregate which breaks down during the test. 
b. Apparatus. (i) A metal cylinder closed at one end of about ~o ft' (3 litres) 
capacity, the diameter and height of which should be approximately equal (e.g. 
6 in (IS em) and 6 in (IS em)). 
The cylinder shall be made from metal of a thickness not less than 0·116 in 
(I 1 SWG; 3 mm) and shall be of sufficient rigidity to retain its shape under 
rough usage. 
(ii) A straight metal tamping rod of circular cross-section % in (16 mm) in 
diameter and 24 in (60 em) long rounded at one end. 
(iii) A balance or scale of capacity 10 kg accurate to I g. 
(iv) A metal scoop approximately 8 x 4Y.i x 2 in (20 x 12 x 5 em) (i.e. 
about 1000 em• heaped capacity). 
c. Calibration of the cylinder. The cylinder shall be calibrated by determining 
to the nearest gramme the weight of water at 20°C required to till it so that no 
meniscus is present above the rim of the container (weight C). 
d. Pre~ration of the test sample. (i) The amount of aggregate available shall 
be sufficient to provide, after separation on the appropriate pair of sievr,s, at 
least 10 kg of the predominant size as determined by sieve analysis on the ~ 
(19·05 mm), Y.i (12-70 mm), % (9·52 mm), ~ (6·35 mm) and 71. 6 in (4·76 mm) 
BS .test sieves. (The testing of sizes of aggregate outside this range is covered 
by the Note below.) 
The test sample shall consist of aggregate retained between the appropriate 
pair of BS perforated-plate test sieves from the following list: 
34 
~ in (19·0.5 mm) and~ in (12·70 mm) 
~in (12·70 mm) and% in (9·S2 mm) 
%in (9·52 mm) and~ in (6·35 mm) 
~ in (6·35 mm) and 7is in (4·76 mm) 
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NOTE. In tcsti~ aggregates larger than % in (19·05 mm} the volume of the cylinder must be 
greater than ~ ft 1 (3 litres), but for aggregates smaller t~an 7is in (4·76 ~m) a ~~aller 
cylinder may be used. The procedure shall be the same as wnh the 7lo ft 1 (3 lures} cyhnder, 
except that the amount of compactive effort (weight of tamping rod x height of fall x number 
of blows) ahall be proportioned to the volume of the cylinder used. 
(ii) The aggregate to be tested shall be dried for at least 24 hours in shallow 
trays in a well-ventilated oven at a temperature of 105 ± soc, cooled in an 
airtight container and tested. 
e. Test procedure. The scoop shall be filled and heaped to overflowing with 
the aggregate, which shall be placed in the cylinder by allowing it to slide gently 
off the scoop from the least height possible. 
The aggregate in the cylinder shall be subjected to 100 blows of the tamping 
rod at a rate of about two blows per second. Each blow shall be applied by 
holding the rod vertical with its rounded end 2 in above the surface of the 
aggregate and releasing it so that it falls freely. No force shall be applied to the 
rod. The 100 blows shall be evenly distributed over the surface of the aggregate. 
The process of filling and tamping shall be repeated exactly as described above 
with a second and third layer of aggregate; the third layer shall contain just 
sufficient aggregate to fill the cylinder level with the top edge before tamping. 
After the third layer of aggregate has been tamped the cylinder shall be tilled 
to overflowing, and the aggregate struck off level with the top, using the tamping 
rod as a straight-edge. 
Individual pieces of aggregate shall then be added and ' rolled in ' to the 
surface by rolling the tamping rod across the upper edge of the cylinder, and 
this finishing process shall be continued as long as the aggregate does not lift 
the rod oil" the edge of the cylinder on' either side. The aggregate shall not be 
pushed in or otherwise forced down, and no downward pressure shall be applied 
to the tamping rod, which shall roll in contact with the metal on both sides of 
the cylinder. 
The aggregate in the cylinder shall then be weighed to the nearest 5 g. 
Three separate determinations shall be made, and the mean weight of aggre-
gate in the cylinder calculated (weight W).lf the result of any one determination 
ditlers from the mean by more than 25 g. three additional determinations shall 
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f. C.knlatioN. The angularity number of the aggregate ahaU be calculated, 
from lbc formula: 
lOOW 
Angularity number """ 67 - CG A 
wbc.n: W .... mean weight (in gcam.mcs) of aggregate in tbe cylinder. 
C -weight (in gcammca) of water required to till the cylinder. 
G A ... specific gravity on an oven-<lcied basis of the aggregate deter· 
mined in accordance with Section Four of this standard. 
G· Repor1ias of reaults. The angularity number sbaU be reported to the nearest 
wbolo number. 
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][' 1j.2- itO"'"' 13+5 bf 14/2 
][ t 5 - 13.2 Mf\ bb2 fb 108 
lY ~-t- tS MA 2b+ 25 28~. 
Sanrte. t.ot:.Gt ' • ~: 223 Jf 3532 jr 
2. E ton9a.bon · I1\d.e.x·. 
Size. f.ra.t\:.\on Ma.u AcU"slroltnt Effedi1t MISS Tout Pa.ssiA.f Fa.tt.o1" t Pa.SS}I\J Ma.s.S 
1 i<to- 2~.5"'" 111 sr o.crq3 II& Jf 1122 Jr 
][ 13.2 - 1 to"" 124 o. 947 111 14o5 
][ ~-5 - 13.2 t"W'l 42 1. o+q 4+ 710 
Ji b.1-~.sl"'l'l 44 0. 98C, 43 28~ 
5aMrle to \:at • L~ 320 Jr 352& :Jf' • 
3. A1t3u.{a.ritJ Nu.rrtbe:r. * 
Sit. e. f1'QC lion Conl:o.intr Yo IIJ.rle. .Sreci~"t Gn~>.Jil~ Mass of Sa'"'rte. 
I lto- 2b.SMtl 1481 (YJ£ - nat. e noujh sa,..,f I e. 
- . - -rr 1j.2- n.o "'" L4B1 fYii 2. 21 2 0 I q !}r 
'----· --
nr ~. 5 - 13.2. ,.,, .i481 ML 
N ,.f - ~. 5 Mf') 1481 Mi 
2.05 
i <18 
1 ~34 jr 
100· w 
C ·G ... 
1 ~00 j( 
-






















r Ad.i~stMtni factor u~ to Ccrrtct for 5M41\ .sraciltj errors ltl. o.rfa.ra.h.LS used.. 
' 
PARTie. L£ SHAPE INnic.ATiN& Trsrs ' 5AMfL£ ~ . 
1. Fta.k~ne.ss I-nde..x.. 
Siu h-aLtion Na.ss rtta.~nui. Ma.ss Pa.s:sin9 To ta.l M.a. ss 
I 1 '\ • 0 - 2 ~. 5 "M 16B 1 jr 2 9 r 3-r 2184 Jr 
r--- --· --- ---~-~--- - --. --~- -------------t-· 
lr 1J.2- 1~.0 ""' 818 i08 q2(, 
l[ t 5 - 13.2 !'lit\ 38b 53 4-3lf 
H b.t -t51'1crt 246 31 285 
5anPle. f:DI:.ll t • ~: -fl5 8f 383+ 3f' • 
2. Elon9a.bon I1td.e.x. 
Size.. ffa.t\:.\on Ma.u AtU~slroltnt Effedi'ft l'tiSS Tout Pa.ssi4J Fa.ct.o1" t P1LSS1nJ l'ta.S.S 
1 !'l.O - 2&,.5"'" 3t23f 0.9q3 3+o Jr 2184 !Jf' 
][ 13.2 - 1. to , 158 0. ~11 150 92b 
][ ~.5 - ~3.2~ 51 1.049 5t +3~ 
.1Y. b.r- ts Me'\ (,5 0- ~Bh (,f 285 
5o...,rle. toto. { • L~ bOB Sf 383+ j( • 
3. An ~H.t {a. r i t3 NLLMbe:f. * 
Si1.e. fra.ct.ion Conl:o.intr Yo llLMt. 5reci~C. Gro.\Jil;f Mo.ss of Sa"'rte. 
I ltt.o- 2ro. 5 Ml'\ 148t Mt 
l[ 1~.2 - 11.0 ..," 1+81 
!-----· 
III ~-5 - 13.2 ,.,.., 1481 











C · G,.. 
1859 
i803 



















T Ad.ius-lM(Ilt facto1' ll~ -\:n eom.r.t for 5Ma.l\ .sraclitj trt"Ors ltL a.rro.raJ\.1.5 used. 
PARTie. L£ SHAPE: INoic.ATiN& Trsrs • 5AMfLE: lf . 
1. Fta.k4-ne.ss I1td.e..x.. 
Si1.e h-a.c.tion Mass n.ta.t:nu:l Ma.ss Pa.s~in.9 To tat rrta. ss 
I 1'\.0- 2t.S I'IM 1515 Jr 310 j( 2185 3r 
f--· . ----- ·--------------- --- . -- . ---~-------- ~· 
J[ 1j. 2 - 1~-0 ""' looo 1o.L 1101 
--· 
l[ 1.5 -13.2Mttl 307 15 382 
JY ~.t - tS l'll'l 218 41 2b5 
Sanrte. tala t ' ~: 5Cf 3 ji' 3lf33 :J1' ' 
2. Eton9a.bon 1-nd.e..x. 
Size. tfa.c.bnn MdiS AllJilSlrolt.nt Efftdivt. MASS To tilt Po.sSi4J Fa.ct.o1' t Pla.SSlt\.! Ma.SS 
I !'to- 2C,.5r.n 4-55 jf' o. 9q3 452 51' 2185 Ji' 
][ 13.2 - 1 to, 198 0-941 185 110i 
][ ~.5 - 13.2 r'IPI 75 1. o4q 11 382 
Ji b.t - ~-5 MC'l 15 0' 9 8(, it 2h5 
5a!flrle. t.o\:o. t • ~~ 7q3 jr 3'133 !}1' • 
3. An~ u.{a ri t:1 Nu.M.be.f. * -
Si1.e. f-rctclion Con. to.intr Yo IIJJ'I e. 5nci ~t G(o.-J i t:t Mass of Sa..,rte. 
I l't.O- 2C,. 5 M 14K1 r~t 
JI 1~.2- n.o "'" 14£1 rrt 
m ~- 5 - 1.3.2. ,.,,., 1 +B7 Me 





































PARTicLE SHAPE INoic.ATiN& Trsrs 5AMfLE lf . . 
1. Fta.ktne..ss I11.d.e.x.. 
S i 1.f t;.a..c.ti on Ma.ss n.ta.~nui Ma.ss Pa.s!lin.9 Tota.l M.a.SS 
I 1'\. o - 2b.S Plrt 551 ji' 29 jf 5BO 3f 
·--- -· ---~-- -· ---------~--~- ------ ---
1r B.1- 19.0 "'"' 87+ jf (:,Q 934 Jf 
l[ t 5 - 112 f'lltl ~to J( 20 ~(,0 
.rr ~.1' - tS I'IC'l 318 ~r 15 3~~ 
5anPte. h>t:.Gt . . ~: 121 3r ~ 57o jf · • 
2. Eton9a.tion 1'1\d.e.x. 
Size. fra.tt.ion Mo.ss Alli~Slroltnt Efft.di'lt MISS Tout Pa.sSillJ Fa.cto1" t Pa.SSinJ l14.S.S 
1 l<t.o - 2~.5 ""' 3~ jr 0. Cf93 39 jr 550 jr 
1[ 13.2 - 1 to., 102 0.447 <ff ;v 134 
][ ~.5 - 13. ll"'rt 20 1.04~ 21 j( bbO 
JY. b.1- 9.5 MC"l 13 0. 'l8(, -12 5r Jib 
5al'lrle. t.oto. t • L~ 11q ~r J51o jr • 
3. An~u.{a.rit) Nu.M.be.i. ~ 
Si1.e fntction Con.l:ointr Vo!IJ.Mt. 5rtci (Jt Gm" I~ ':1 MQss of Sa..,rte. 
I ltD- 2tt.5 Mft 1487 
Ir 1~.2- n .o ,., .. 1481 
m <f_ 5 - 13.2 I'!M 1451 
lr tr - ~. 5 ,.,.., 1481-
Ml -
2 . .L(, 
2. i3 
2. 0~ 




























f Ad.i~s-lM!nt factD1" ~ to c.orrtr.t for 5M4l\ sracittj errors Itt O.ffa.ra.lu.s used. 
, PARTicLE SHAPE INoic.ATiNfr Trsrs . SAMPLE tf • 10 . • 
1. Fta. ktne.ss I 'Tt cie.x.. 
Sit.e ~aLtion. M a.ss rc.ta.~nul. Ma.ss Pa.s~in9 To ta.l rta. ss Ittd.e.x 
I 1'\.o- 2tSI'Irt rnc, !jf 1~3 jf 1qsq jr 1o -- -----·-----··--- ··- -- -- --------·· r----· ----- --·--· 
lr 13.2 - ito"'"' 1114- 9+ 12DB 8 -- ----
III ,_ 5 - 13.li'IP\ bbG 52 118 t 
1I b.t - tS r~n 282 11 2q~ 0 
Sanvte. tot:.at • ~: 3 5(, 31 415+ 'f • 
2. E lon9atio n I1\d.e.x. 
Site. fra.t\:.\on Ma.u AcUilslroltnt Efft.din MISS Tout Inc:te" Pa.ssiAJ FClCt.o1" t PClSS\nJ P1o.S.5 
1 1 '\. 0 - 1C,.5rtf'l 315 jr O.~q3 313 Jr 115~ jr 1~ 
][ 13.2 - 1 to""' 1q1 0. ~+1 161 1206 iS 
][ ~-5 - 13. 21'111 52 1. ot~ 55 718 8 
lY. b.t- ~.5 MC'l ++ 0-98{, tl 2q~ 11 
5a.Mrle toU.{ • ~~ 592. 3r ~184 1+ • 
3. An3u.{aritJ NLLM.bei. * 
Sit. e. fnt.c lion Con l:o.i ntr Yo IILrrt e. 5rtciht G((}'ltl-:1 Mass of Sa'"'rte. An,a.l~t-rd;:t NUI'\D(1' 
I 1,.() ... 2b. 5 Mf'l 14£1 Y'lL 2.10 2025 ~( 10.3 
1[ 1~.2- n.o "'" 1+51 2.3+ 2058 1.~ -------r--· 
m t 5 - 13.2 ,.,, i+81 2 .05 1974- 2. 'I 
-
II ,.1- t5 ,.,.., 1181 1 -'Ff 1828 f.5 
= "1 -
' 
PAR.TiC.L( SHAPE INoic.ATiN& Trsrs 5AMfL£ ~ 
MIX. . . DESi&N . . sroc~ PtL£ 
1. Fta. ki.,ne.ss I1td.e..x. 
Siu t;.a.t.tion M<ls5 rt.ta.~nul Ma.ss Pa.s~in.9 Tota.t rta.ss Itta.e.x 
I 1~ .o- 2~.5 "" 2.02 3 ~( 302. :Jr 2325 91" 13 
I-- -- f-· r---- ------.-
rr 112 - 1q.o ""' 12 35 5r 143 ~r 1381 :Jr 10 
·---- - -----·------
:nr t5 -13.21'!1tl 41b qr 8(, 9( 5o2 Jr 17 
JY ~.t- t5 I'IA 25G Jr 5&. :Jr 312 j( 16 
5anPte. t.ot.nt • ~: 581 9r 152o 3r 13 • 
2. E ton9a.bon I1\d.e.x. 
5 iz.e. t-ra.c.\:.\on Ma.u AdJ"s~tnt Efft.di'ft ..,ass To tat Incte" Pa.ssi4.9 Fa.d.o1" t P'ra.SSlf\J Ha.SS 
1 !<to - 2&,.5"'" 3~8 91' 0.~93 3~5 sr 2325 Jr 17 
]( 13.2 - 1 to, 234- 0.1'4t 212 13Bi 1C 
][ ts - 13.21'111 ~1 i-Ofl qs 5o2 i~ 
.li b. t - q .s I'IC"l 13 0. ~ f3(, 12 312 23 
5a.Mrte. t.o\:a t • L~ i-8+ 9f' 4520 jf' 11 • 
3. An j u. {a. r i tJ NLLM.be.i. * 
Sit.e. f-ra.c:lion Con l:aintr Yo I \J.rfl t. 5reci ~C. Gr~-J f ~ ~ Mas5 of Sa..,rte. An' a.1 11-r( C:t NUI'\b(1' 
I 1 t () - 2£.. s Mt\ 1487 f'lt 2.33 20& i jf' 1.5 
JI 1~. 2 - .n.o "'" t4~r f')e 2.2i 2ooq (:,.3 -----------f-----------
m t5 - 13.2 ,.,, 14~1 Me 2.04 200~ 1.2 
JY ~.-r - t s ,.,"' 1481 r1L 1. 95 1~35 0.3 
f Ad.i~stM!nt fact.o1" u5ed t.o Corrtct for 51"!41\ sraclit~ trmr.s itt. a.rfa.ra.h.LS used. 
APPENDIX A4 
Determination of the Specific Gravity, Absorption 
Coefficients, Densities, Void Content and 
Bulking of the recycled aggregates 
:··:·-
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1. BS812 specification for the determination of the 
10% Fines Crushing Value 
2. Determination of the 10% FACT Values for the 
recycled aggregates 
BS 812: 1967 
DETEllMINAnON OF AGGREGATE QlUSHING VALUE 
34. a. General. The aggregate crushing value gives a relative measure of the 
resistance of an aggregate to crushing under a gradually applied compressive 
load. With aggregate of an aggregate crushing value of 30 or higher the result 
may be anomalous, and in such cases the ten per cent fines value (Clause 35) 
should be determined instead. 
The standard aggregate crushing test shall be made as described in Subclauses 
b to Jon aggregate passing a ~in (12·70 mm) and retained on a% in (9·52'mm) 
BS test sieve. If required, or if the standard size of aggregate is not available, the 
test shall be made according to Subclause g. · 
b. Apparatus. The following apparatus is required for the standard test: 
(i) An open-ended steel cylinder of nominal 6 in (15 em) internal diameter, 
with plunger and baseplate, of the general form and dimensions shown in Fig. 12. 
The surfaces in contact with the aggregate shall be machined and case-hardened, 
or otherwise treated, so as to have a hardness value of not less than 650, in 
accordance with BS 427 •, and shall be maintained in a smooth condition. 
(ii) A straight metal tamping rod of circular cross section, % in (16 mm) 
diameter and 18 in to 24 in ( 45 em to 60 em) long. One end shall be rounded. 
(iii) A balance of 3 kg capacity and accurate to I g. 
(iv) BS test sieves of sizes ~ in (12·70 mm}, % in (9·52 mm) and No. 7 
(2·40 nun). 
(v) A compression testing machine capable of applying a load of 40 ton 
(40·64 tonne) and which can be operated to give a uniform rate of loading so 
that this load is reached in ten minutes. The accuracy of the machine shall comply 
with the requirements of BS 1610t for a Grade A or a Grade B machine. The 
machine may be used with or without a spherical seating. 
(vi) For measuring the sample, a cylindrical metal measure of sufficient 
rigidity to retain its form under rough usage and having an internal diameter 
of 4~ in (I 1·5 em) and an internal depth of7 in (18·0 em). 
c. Preparation of test sample. The material for the standard test shall consist 
of aggregate passing a % in {12·70 mm) and retained on a % in (9·52 mm) 
BS test sieve and shall be thoroughly separated on these sieves before testing. 
The aggregate shall be tested in a surface-dry condition. If dried by heating 
the period of drying shall not exceed four hours, the temperature shall not 
exceed ll0°C and the aggregate shall be cooled to room temperature before 
testing. 
"BS 427, • Method for Vickers hardness test', Part l, • Testing of metals'. 
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Diameter.of stem 
KEY TO DIMENSIONS 




..... ---~------·· -~ 
1
1 
67i6 ± ~.. 154·0 ± 0·4 
5 to 5~ 127·0 to 139·7 












I 6 ± ~4 152·4 ± 0·4 3 ± %4 76·2 ± 0·4 
47·6 to76·2 3~ to 6 95·2 to 152·4 1% to 3 
Overall length of piston plus 
stem 101·6 to 114·3 2~ to 3 




1:25·4 1: ~ 
63·5 to76·2 
1: 19·0 




Thickness (nominal) ~ 6·5 ~ 6·5 
Length of each side of square 8 to 9 200 to 230 4~ to 4~ 110 to 115 
Fig. 12. Outline form and principal dimensions of cylinder and 





BS 812: 1967 
The quantity of aggregate shall be such that the depth of the material 
in the cylinder shall, after tamping as described in Subclause d, be 4 in (10 em). 
The appropriate quantity may be found conveniently by filling the cylindrical 
measure in three layers of approximately equal depth, each layer being tamped 
25 times with the rounded end of the tamping rod and finally levelled off, using 
the tamping rod as a straightedge. 
The weight of material comprising the test sample shall be determined 
(weight A) and the same weight of sample shall be taken for the repeat test. 
d. Test procedure. The cylinder of the test apparatus shall be put in position 
on the baseplate, and the test sample added in thirds, each third being subjected 
to 25 strokes from the tamping rod. The surface of the aggregate shall be care-
fully levelled and the plunger inserted so that it rests horizontally on this surface 
care being taken to ensure that the plunger does not jam in the cylinder. 
The apparatus, with the test sample and plunger in position, shall then be 
placed between the platens of the testing machine and loaded at as uniform a 
rate as possible so that the total load is reached in ten minutes. The total load 
shall be 40 ton (40·64 tonne). 
The load shall be released and the whole of the material removed from the 
cylinder without further breaking of the sample and sieved on the No. 7 (2·40 mm) 
BS test sieve until no further significant amount passes in one minute. The 
fraction passing the sieve shall be weighed (weight B). 
In all of these operations care shall be taken to avoid loss of the fines. Two 
tests shall be made. 
e. Calculations. The ratio of the weight of fines formed to the total san1ple 
weight in each test shall be expressed as a percentage, the result being recorded 
to the first dccin1al place: 
B 
Aggregate crushing value = A x 100 
where A = weight in grammes of surface-dry sample, 
B = weight in granunes of the fraction passing the No. 7 (2·40 mm) 
BS test sieve. 
f. Reporting of results. The mean of the two results shall be reported to the 
nearest whole number as the aggregate crushing value. 
g. Determination of aggregate crushing value for non-standard sizes of aggre-
. gate. (i) General. If required, or if the standard size is not available, tests may be 
made on aggregates of other sizes larger than the standard up to a size which 
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passes a 1 in (25·40 nun) BS test sieve, using the standard apparatus. Alterna-
tively, tests may be made on aggregates smaller than the standard down to a size 
which is retained on a No. 7 (2·40 mm) BS test sieve, using either the standard 
apparatus or that described in Subclause g(ii) which is referred to as the smaller 
apparatus. 
Owing to the non-homogeneity of aggregates the results of tests on non-
standard sizes will not be comparable with those obtained in the standard test. 
In general, the small~r sizes. of aggregate will give a lower aggregate crushing 
vatu~ and t~e larger s1zes a h1gher value, but the relationship between the values 
obtamed will vary from one aggregate to another. However, the results obtained 
with the smaller apparatus have been fouild to be slightly higher than those with 
~he standard apparatus and the errors for the smaller sizes of aggregate tested 
m the smaller apparatus are therefore compensatory. 
(ii) Apparatus. The smaller apparatus shall be as follows:-
A. An open-ended steel cylinder, with plunger and baseplate, generally 
as described in Subclause b(i), with a nominal internal diameter of 3 in 
(1·5 em). The general form and dimensions of the cylinder and of the plunger 
are shown in Fig. 12. 
B. A straight metal tamping rod of circular cross section 91. 6 in (8 mm) 
diameter and 12 in (30 em) long. One end shall be rounded. 
c. A balance of 500 g capacity and accurate to 0·2 g. 
o. BS test sieves of appropriate sizes as given in Table 13. 
E. A compression testing machine generally as described in Subclause b(v) 
except that it shall be capable of applying a load of 10 ton (10·16 tonne), 
and of being operated to give a uniform rate of loading so that this load is 
reached in 10 minutes. 
F. A cylindrical metal measure generally as described in Subclause b(vi) 
except that it shall have an internal dian1eter of 2~ in (6 em) and an internal 
depth of 3 ~ in (9 em). 
(iii) Preparatio11 of test sample. The material for tests on non-standard sizes 
shall consist of aggregate passing and retained on corresponding BS test sieves 
given in Table 13. 
T_he proce~ure shall in other respects follow that given in Subclause c except 
that 111 te.st.s _w1th the s1~1aller ~pparatus the quantity shall be such that the depth 
of matcnal1n the nommal 3 m (7·5 em) internal diameter cylinder shall be 2 in 
(5 em) after tan1ping with the smaller rod. The appropriate quantity may be found 
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conveniently by using the smaller measure and tamping rod, but otherwise as 
described in Subclause c. 
(iv) Test procedure. Tests on non-standard sizes shall follow the procedure 
given in Subclause tl except that, when using the smaller apparatus, the smaller 
tan1ping rod shall be used and the total load shall be 10 ton (10·16 tonne). 
Particular care shall be taken with the larger sizes of aggregate to ensure that the 
plunger does not jam in the cylinder. The material removed from the cylinder 
shall be sieved on the appropriate sieve given in the ' For separating fines • 
colunm in Table 13. 
(v) Calculations. Calculations for tests on non-standard sizes shall follow 
the method given in Subclause e, substituting in the description of weight ' B • 
the test sieve of appropriate size. 
(vi) Reporting o_{'results. Results of tests on non-standard sizes shall be reported 
as in Subclause f with, additionally, a report on the size of the aggregate tested 
and, if smaller than the standard size, the nominal size of the cylinder used in 
the test. 
DETEUMINAllON Oil THE TEN PER CENT FINES VALUE 
35. a. General. The ten per cent fmes value gives a measure of the resistance of 
an aggregate to crushing which is applicable to both weak and strong aggregates. 
The standard ten per cent fines test shall be made as described in Subclauses b 
to f on aggregate passing a ¥2 in (12·70 mm) and retained on a %in (9·52 mm) 
BS test sieve. It required, or if the standard size of aggregate is not available, the 
test shalllbe made according to Subclause g. 
b. Appar-.ttus. The following apparatus is required for the standard test: 
(i) An open-ended steel cylinder with plunger and baseplate, as described in 
Subclause 34b(i). 
(ii) A tamping rod as described in Subclause 34b(ii). 
(iii) A balance as described in Subclause 34b(iii), 
(iv) BS test sieves as described in Subclause 34b(iv). 
(v) A compression testing machine as described in Subclause 34b(v), except 
that the load which is to be applied may vary from~ ton to 50 ton(~ tonne to 
51 tonne). 
(vi) A cylindrical metal measure as described in Subclause 34b(vi). 
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(vii) lf required (see Note in Subclause d), a means of measuring to the nearest . 
0·05 in (1 mm) the reduction in distance between the platens of the testing 
machine during the test (e.g. a dial gauge). 
c. Preparation of test sample. The preparation of the test sample shall be as 
described in Subclause 34c except that, in the case of weak materials, particular 
care shall be taken not to break the particles when filling the measure and the 
cylinder. 
d. Test procedure. The cylinder of the test apparatus shall be put in position 
on the baseplate and the test sample added in thirds, each third being subjected 
to 25 strokes from the tamping rod, particular care being taken in the case of weak 
materials not to break the particles. The surface of the aggregate shall be carefully 
levelled and the plunger inserted so that it rests horizontally on this surface, care 
being taken to ensure that the plunger does not jan1 in the cylinder. 
The apparatus, with the test sample and plunger in position, shall then be 
placed between the platens of the testing machine. Load shall be applied at as 
unifonn a rate as possible so as to cause a total penetration of the plunger in 
ten minutes of about: 
0·60 in (15 nun) for rounded or partially rounded aggregates (e.g. un-
crushed gravels); 
0·80 in (20 nm1) for normal crushed aggregates; 
0·95 in (24 nm1) for honeycombed aggregates (e.g. some slags); 
these figures may be varied according to the extent of the rounding or honey-
combing. 
NOTE. When an aggregate impact testing machine (Clause 33) is available, the load required 
for the first ten per cent fines test can be estimated by means of the follow ins formula more 
conveniently than by the use of the dial gauge: 
. diad() 400 
Reqwre 0 ton = Aggregate impact value 
This value of load will nearly always give a percentase tines within the required range of 
7-S-12·5. 
The maxinmm load applied to produce the required penetration shall be 
recorded. The load shall be released and the whole of the material removed 
from the cylinder without further breaking of the sample, and sieved on the 
No. 7 (2·40 nun) DS test sieve until no further significant amount passes in one 
minute. The fraction passing the sieve shall be weighed, and this weight ex-
pressed as a percentage o~ the weight of the test sample. Normally this percentage 
fines will fall within the range 7·5-12·5, but if it does not, a further test shall be 
made loading to a maximum value adjusted as seems appropriate to bring the 
percentage fmes within the range of 7·5-12·5. (fhe formula given in Subclause 
35e may be used for calculating the load required.) 
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In all of these operations care shall be taken to avoid loss of the fines. A 
repeat test shall be made at the maximum load that gives a percentage fines 
within the range 7·5-12·5. 
e. Calculations. The mean percentage fines from the two tests at this maximum 
load shall be used in the following formula to calculate the load required to 
produce ten per cent fines: 
14x 
Load required to produce ten per cent fines = y + 4 
where x = maximum load in ton, 
y = mean percentage fines from two tests at x ton load. 
j: Ueporting of results. The load required to produce ten per cent fines shall 
be reported, to the nearest whole number for loads of 10 ton (10·2 tonne) or 
more or to the nearest 0·5 ton for loads of less than 10 ton (10·2 tonne), as the 
ten per cent fines value. 
g. Determination of the ten per cent fines value for non-standard sizes of aggre-
gate. (i) Gmerul. If required, or if the standard size is not available, tests may be 
made on aggregates of other sizes which pass a I in (25·40 mm) and are retained 
on a No. 7 (2·40 mm) BS test sieve. Because of the lack of experience of testing 
sizes other than the standard it has not been possible to give any indication as 
to how the results obtained on non-standard sizes would compare with those 
obtained in the standard test as in the case of the aggregate crushing value. 
(ii) Apparatus. The apparatus shall be as described in Subclauses 35b(i), 
(ii), (iii), (v), (vi) and (vii). 
BS test sieves of appropriate sizes shall be as given in Table 13. 
(iii) Preparatio11 of test sample. The material for tests on non-standard sizes 
shall consist of aggregate passing and retained on corresponding BS test sieves 
given in Table 13. 
The procedure shall in other respects follow that given in Subclause c. 
(iv) Test procedure. Tests on non-standard sizes shall follow the procedure 
given in Subclause d; it should be noted that the penetration of the plunger may 
not accord with the values given in Subclause d. 
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(v) Calculations. Calculations for tests on non-standard sizes shall follow 
the method given in Subclause e. 
(vi) Reporting of results. Results of tests on non-standard sizes shall be 
reported as in Subclause fwith, additionally, a report on the size of the aggregate 
tested. 
DETERMINATION OP CRUSIUNG STRENGTH 
36. a. General. When aggregates are not available, this test may be used to give 
a direct measure of the stress in lbf/ina (kgf/cm2) at ultimate failure of a rock 
under a slowly increasing compressive. load. 
b. Apparatus. (i) A compression testing machine the accuracy of which shall 
comply with BS 1610*, for a Grade A or B machine, and which shall include 
at least one platen having a spherical seating of not more than I in (2·5 em) 
radius. 
(ii) A well-ventilated oven thermostatically controlled to maintain a tem-
perature of 105 ± 5°C. 
c. Test specimens. The test specimens shall be cylinders of I ± 0·025 in 
(25·40 ± 0·63 mm) mean diameter and of I ± 0·025 in (25·40 ± 0·63 mm) 
mean height. In any one specimen the diameter shall not vary by more than 
0·01 in (0·25 mm) and the height by not more than 0·005 in (0·13 mm). The end 
faces shall be at right angles to the'cylindrical axis and shall be lapped plane to 
an accuracy of 0·001 in (0·025 mm). 
In the preparation of the test specimens, the rock shall not be subjected to 
any treatment (such as chipping with a hammer) liable to induce incipient frac-
ture. A ~pious flo~ of cold water shall be used throughout all grinding, drilling 
and sawmg operations, to ensure that the aggregate is not damaged by over-
heating. 
The test specimens shall be dried for four hours in the oven at a temperature 
of 105 ± soc and cooled before test. 
If no planes of structural weakness are apparent, three specimens shall be 
tested. If planes of structural weakness are apparent, four specimens shall be 
tested, of which two shall have the planes at right angles to the axis of the 
cylinder. 
• BS 1610, • Methods for the load verification or testing machines •. 
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d. Procedure. The mean diameter and height of each specimen shall be 
measured to an accw-acy of 0·001 in (0·025 mm). The specimen shall be placed 
centrally between the steel platens without packing.· 
Each test shall be a direct compression test in which the load is applied to the 
ends of the cylindrical test specimen at a rate of about 5 ton (5·1 tonne) per 
minute. In making each test the linalload necessary to produce crushing of the 
specimen shall be observed. · 
e. Calculations. The crushing strength shall be calculated in pounds-force per 
square inch from the final load and the mean cross-sectional area of the speci-
men. 
f. Reporting of results. The value of the crushing strength for each individual 
!!pecimen, and the average crushing strength shall be reported to the nearest 
100 lbf/in3 (7 kgf/cm2). Any peculiar condition of a test specimen which might 
affect the result of the test, such as the presence of seams, fissures, etc., shall be 
noted in the report. 
DETERMINATION OF AGGREGATE ABRASION VALUE 
37. a. General. This test gives a measure of the resistance of aggregates to surface 
wear by abrasion. 
b. Apparatus. (i) An abrasion machine consisting essentially of a flat circular 
cast iron or steel grinding lap not less than 2ft (60 em) in diameter, which can 
be rotated in a horizontal plane at a speed of 28 to 30 revjmin and which is 
provided with the following accessories (see Figs. 13 and 14): 
At least two trays for holding the test samples, made from 78 in (3 mm) mild 
steel plate and of internal dimensions 3~ X 2~ X %6 in (95 x 57 X 8 mm) 
(referred to below as the • larger trays '). 
Means for locating two of the larger trays with their centre points 10~ in 
(26 em) from the centre of the lap, diametrically opposite to each other and with 
their longer sides lying in the direction of rotation of the lap. The trays must be 
free to move in a vertical direction but restrained from moving in the horizontal 
plane. 
A weight with a rounded base for pressing the test samples against the surface 
of the lap, having means for adjusting the weight to 2 kg ± 10 g. 
Means for feeding sand continuously on the lap in front of each test sample 
at the rate of 1 ~-2 lb (680-900 g) per min, and for removing and recovering 
the sand after it has passed under the test samples. -
(ii) BS test sieves~ in (l2·70nun),% in (9·52nun) and Nos. 18 (850microns), 
25 (600 microns), 36 (420 microns), 52 (300 microns) and 100 (150 microns). 
(iii) A hotplate not less than 5 in (13 em) square, giving a surface temperature 
of about l00°C. 
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DisrlactMtnt of fi~lott : 
I 
: 
J =- 3o .o 1'7M 
tqc ion : MdS5: 
> '· 70 fflt'l - --~- -- . --- ------- ··-- __ J1l,f. 
-4.15 - '. 7o 1'11"1 
2.3~ - 4.1'? "''"' 
~ 2 . .38 f'lr1 






-346 i ~~ 








SartPie. descrlrtfon : SAMrle. * q 
.X .: 200 kN 
DisrlactMt.nt of Ti~lot1 ~ J =- Jo. o MP1 
.ftadion : Mll.SS: 1"1455: 
~- ~.JO mt'l_ __ _ J522 
4.15 - (,. 7o l'ln 1b3 
421 Sr 12i Jr 
Tcta.\ rzasl af SGtlrlt. : 33 tO 3r 331o ac 
,. 










SartPie. descrtrhon : Srt<1rle ~ io 13 · 2 t<JM - i q. 0 r<~11 frac1ton . 
MaxiMun load rea.chc:cl. 
Disrlact:Me.nt of Ti~loa ~ 
:: 
:X. = 222 kN 
tnt ion : Mll~5: M«SS; 
)P '· 70 llJf'l )83t --· --- ·-- -------- --
4.15 - ~.1o l'ln 131 3181 3r 
2.3e - 4.1? 1'41"\ 210 
~ 2 '38 l'lrl 452 45'2 sr 
Totn.t MllSl of SGnrJ<. : 3{,33 gr 3633 jl 




= 51 % 
18~ kN 
SartPle. descrtPtfon 
.X = 1.?3 kN 
DisrlactMt.nt of Ti~t.oa : d ::. 2b .0 l'7M 
4tndio1\ : Md.SS: l'lGSS; 
- ·-- . ~---~-]Q __ ~~---- - _)b[$ 
~t 15 - ~.:ro 1"11'1 114 J04L ~r 
2.3e - -4.1? ... t"\ nz 
~ 2 ' .3 8 ('tko1 3~0 3,0 :J( 
1ta.\ Man of Sanr lt. : 3+3i jf 3431 jr 
= 11-3"f ~0 
5i o,o : 0 ;, 
:: = 139 kN 
* A Second 1est rroouced. a ~ahu of H2 kN c::l> Mean FAcr value. : 1h5kN 
SartPie descrirhon : Rec'fded atjt(Jal:£, 51octr ilt } 1tsr z. 
13· 2 Ml1 - 11 · 0 MM -fvo (:froo 
:: 
~c.h'on : 
/:_ __ .~.JQ m~l__ ·- -
-4. 15 - ~ .1o Pll'l 
2.3e - 4.1? "''"' 
4 2 . .38 t'lrl 
'fota.\ MQS) a{ SGttrJt.: 
if .:i. .. 
jt1-
MO..S5: MGSS; 
_J1o~ ~. 3iO'f .lr i80 
218 
3oB 3D6 sr 
3-t15 sr 341'5 sr 
: 48 % 
= 192 kN 
SartPle descrt'rhon 
tlaxiMut't load rea.chc:d 
: Rtc~cltd U.95fcJalc Stodrlf~ J THr 1 
q.f)l'lr'l - i3 · 2 ~ Gachofl. 
:: 
J: :: 13~ kN 
J :::. 2h . 0 1'7P1 
me. ion : 
> ,.10 I1Jf1 
--· --
-4.15 - ~ .1o l'll'l 
2.3e - 4.1? 1"11"\ 
~ 2 .38 (11M 
To !:A\ MQU a f S<iflf Jt. : 
i+ :c. 














SartPle descrirhon : 
l1axiMurt load re.a.cn(:ct 
DisrlactMf.nt of Ti~lort : 
Rec~cled. 0.9j(!3att Stocl:rlle.. } 
Cf • 5 Mn - 13 · 2 (tl("' ffadr(jfl 
TEST Z 
.X : 118 kN 
. .fro.cJion : 
> ,.10 f1Jf"! -.. . -- -- .. --- .. - .. 
-4.15 - 6. 7o P'll"l 
2.3S - 4.1? ""'"' 
~ 2.381"Jrl 





- 2q52 9r 
-
- 385" sr 
- - 3331 j(' 
= 11·71% 
: 5+ 
= 1o& kN 
% 
Jt lot value in #u. nr~t fest was 111 kN , . 1h<. M~an lD% F.4CT ~a/U{ = iOB kN 
APPENDIX A6 
1. Details of the Wet Batched Recycled Concrete Mixes 
made 
2. Record of the Moisture Content of the Klipheuwel sand 
used in these mixes 
3. Correlation of the Actual and Theoretical Mortar 
Excess Values found for this mix series 
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I.Je.l3~t Wwht WcJJht of Moisturt 
Date. Usc.d in M l'ie5 of ran. of fM + sand ru(\ t dr'f sood. Cool:t.nt . 
< 3ral'l \ ( SfGI'! \ ( sra,., I o;o 
1~13 13i H·. 12 ·. triaiMiX JJa 4081 4082 0. 1.3 
1,13 1i ·, 15 JH ;.:l3S .;1~31 0.20 
20\3 1-:r ~ i'l .lll 2,89 Z'\86 0. !1. 
:25/3 1b i 18 ·, lo 212 2"tob 2404 o. C<f 
2bl3 2.5 ·, 24 ·, 23 Zo~ 3o8t 3D1~ 0. iO 
114 ~o ·, z' ·~ z.a ·• 21 213 312.\ 31\4 o.o1 
9H 3 5 i J4 ·, 33 ·, 3 2. Zo8 2S4o .283'8 o.iS 
1514 lo ·,9 ·, ?>·, 7·, b ·, 5·,-4o 2o9 321~ 3211 o.o1 
2214- 1 ·, 2. ·, 3 ·, .:\ l\0 3314 3311 0.10 
.;~~14 3q ·, 3 s 't3l ;"'z ·,.,u 212. 32DZ. 31,~ o. io 
Recofd. of the. Moi~tufc. Con.te.f\t cf the. Klirhe.u.we.,l Sa(ld 
Sta.tistl·c.al Corfe..ta.t\on of the. A c tu.o t Mortar 
Exce.ss with the. The.ore.tic_at Morto.1 Exc.e.s5. 
A hneaf 'ft.HC55IOO anal'fs,·s LUi\\ be. ft-rfccMcd on th! Mortar t'llcess 
d.a.ta. 'e(JuatuJ.. b~ iht. saies of 1Ct'fc.le.d Cof\utte. fYli'Hs undeJ tare" in 
PHA~E 2 of 1h!l thesis. The e.uta.h'ons . llsed b':! khis rt!\(tSSian Malvsis 
a'fe. shol.)n in 5edtofl -4.3.2.1. Tnt to\\ol.)in3 two factors Ma'f UI'Ht the. 
accura.c~ of tht 1't~rcssfon JoMc what : 
ci) Rich Mi)(e5 O.(C stick~ Qfld do t'Hlt allol.} the. stones to ~ir'lk. f(ce\'1 
throu.1n \he Mor tai - the. Me.asured. Mortar t.'lc:a.cs w\\\ thuj be.. 
Utldfre.SbMnkci SCM< what. 
t.lD le.an ('flixes allo\J se.src.~o.tio11. to occur : tnt Sat'ld. slflKS to the. 
bctl:cl'l. of -\"ht tMtaioe-r ar'\11 th<. ~tono af( rushetA aratt ursethn.s 
the.. adua \ Mo( tar t x cess to .S()Me. de 3 ret . 
The. bL- vnd ate. saMrfe. is 
A.r1.e. ll'l.l!.· A.r~.t. I T.rt.t A.rr.r. I lM.e. A.l'!.t. j l.ne. Re.sr. Coc m c.itfl t 5 
-34·1 -HJ 0 ·0 -2·5 8·1 lb·2 1.-(·1 1 3'1· .3 
- .. - -- " ---------- ---------- -------1----- ---1-5---r lb-1 ___ 
12·1\ lS·::f -)-1·0 -13 ·0 2· 8 -o-6 Co<"fdtl\iatt 
-- ·----!------ -------------- -------- ----------- ------
10·1 --!O·S 12·1 l 'H·l -1·b -l6 J·b 1 b·.Z codTtc.rctt t ------ ------- ----------- -------- -- - - ---· ---- .. ·- -- ·• ..... i --······ ----
q.3 22·1 10·.3 4"'1·5 lS·O 'H-1. -H·O I -S·-4 1' = 0.135 ----r---· -------- -------------- ---------- --·- ----------
S·i 1·0 13 ., 1---~5·3 ___ 11·5 -41>·8 15·1 l S{,·! 
~------· ---------- -----------4 
-1%·(. -1·1 4·4 I 1·2 'f·3 .n.t lo·2 I -41·2. 
---- -----
.. , 10 ·0 
-- . ··- --- ·I 
15·2 8'1·8 Z·'l 11·2 Z8·2. 12·8 I Si· + a : 21.. '-15 
I J 
IS .o ,i.q 2·0 ! 11·1 8·4 ~·1 /4·1 i 54·"'1 
IOO· 2 2. 2. ~--~H-
---------- ----- --8-.; --T --s;-3" - b 15-£» b·3 ! 3+1 = 2.Z1B 
------------ ____ 1_._ ---+---- ------ r- --------
13·1 IOb·l 2.'f I l'l·b 1·! ! 3,·-4 - i-
Tne. va.lut of 1' i5 0.135 l.Uhi ch. indico.ks that a. fair CO(Cc.la hon. e~fst5. 
The. 1Uf~S5iOC\ \ine, Ettc.d. ~o ~ht. data. has lhe. fo \) ct.)l(i .3 t'\UahM ; 
tTYle.. :: 2. 2e ~ al"fle. +- 21.1,2 . ·-·. .. ( L ) 
01' Q.l'l e. = 0. 4-t ~ tMe.. ~· 4q • --- • ·• ( LL ) 
APPENDIX A7 
1. BS1881 specification for the determination of the 
Elastic Modulus of a Concrete 
2. Determination of the Modulus of Elasticity for the 
Recycled Concretes 
BS 1881 :PartS : 1.970 
3. TEST FOR n1E STATIC MODULUS OF ELASTICITY BY MEANS OF 
AN EXTENSOMETER 
NOTE. For the methods of making and curing moulded specimens see the clause deso:ribiiiJ~ 
the making and curing oftest cylinders in Part 3 of this standard. For the method of prc:Jpilnua 
corea from hardened concreto see the clause on the preparation and compression tcstioa 
cores drilled from concreto in Part 4 of this standard. 
3.1 Apparatus 
3.1.1 Compression testing nuzcldne. The testing machine shall comply with 
requirements for the compression testing machine in the clause d~cribing tho 
test for compressive strength of test cubes in Part· 4 of this standard and 
addition shall be capable of maintaining the load at any desired value. 
3.1.2 Extensometers. Two extensometers shall be provided. They shall have 
gauge length of not less than 100 mm and not more than half the length of 
specimen and shall conform to either Grade A or Grade B of BS 3846•. 
3.2 Procedure 
3.2.1 Determillllllon of test load 
3.2.1.1 Test on moulded specimen. Immediately before the modulus of elasticity 
test, the three cubes shall be tested in accordance with the requirements of tho 
clause describing the test for compressive strength of test cubes in Part 4 
this standard, and the value C, given by one third_2f the average r.mnnrP.!I!Iiv•~'" 
strength, shall be calculated to the nearesr ~!iii·. . 
3.2.1.2 Tests on drilled core. The value of C shall be estimated from the .,u.•norn 
of similar spedmens or. a knowledge of the properties of the concrete. 
3.2.2 AttlU:hmelfl of extensonJJ_Iers. Immediately on removing the. specm:lCQI' 
from the water, whilst it ~ $till wet, the extensometers 11hall be attached. 
£;~~· .. opposite ~des of the s~en ,and paraU~l to ~ts axis, in su~h a way that 
.~ ;: liQ ;.;.;...,. ~~..,: gauge potnts arQ 'Ytpmetrlcal abc:lut the middle of the spec1men and are 
· {.~ .;.-.. '-} nearer to either end of the specimen than a distance equal to half its w~auc;ILQI'.J. 
0~1~" G·C... -. ~ 
tt.): 7S. 
GL =: ISo ...... 
When a square prism is used in place of a cylinder the gauge poiQts ·of . 
extensometer shall not be nearer to either end than half the width. The ext·e~~ 
meters shall be fixed with the recording points at the same end. 
.? '.·!;· 
3.2.3 Placing the specimen in the testing mqchine. The bearing surfaces qf 
testing machine and of any aux.iliary platens shall be wiped clean and any . 
sand or other material removed from the ends of the specimen. The· · 
shall be placed in the machine and its axis carefully aligned with the 
thrust of the spherically seated platen. As the latter is ~rougbt to bear pi\. 
speci(llen the movable portion shall be rotated gently py hand so that ~J.~.Ill''''''~; 
seating is obtained. No packing other than auxiliary steel platens shall be 
between the ends of the specimens and the platens of the testing machine: · \ · 
• BS 3846 ,• Methods for calibration and aradina of extensometcra for tcstina of m~~~~~ 
12 
BS 1881 :·Part S : 1970 
. .. PrellmJIIIRy loading. The load shall be applied without shock and increased 
· ~ntinuously at a rate of approximately IS MN/m1 per minute until an average 
: · stress of ( C + 2) MN/m1 is reached. The load shall be maintained at this figure for 
· at least one minute and shall then be reduced gradually to an average stress of 
• J MN/m1, when extensometer readings shall be taken. The load shall be applied 
. ·:a second time a"( the 'siune.iiite -uriHf an average stress of (C + 1) MN/m2 is 
. reached. The load shalll>e maintained at this figure while extensometer readiogs 
. are taken. The load shall then be reduced gradually to an average su:ess of 
·. 1 MN/m2 and readings again ta.l}!!n. 
3.:z.s Loading. The load shall then be applied a third time at the same rate and 
.' extensometer readings taken· at ten approximately equal increments of stress 
· · up to an average stress of (C + 1) MN/m1• Readings shall be taken at each 
stage of loading with as little delay as possible. If the average strains observed 
on the second and third loadings differ by more than S %. the loading cycle 
shall be repeated until the difference in strain between consecutive readings at 
(C + 1) MN/m1 does not exceed 5 %. -
·' -·· ~-
3.3 Calculation. The strains at the various stages of loading in the last cycle shall 
be calculated separately for each extensometer and the results shall be plotted 
. ,: 11gainst the corresponding stress. Straili,ht lines shall be drawn through the points 
··for each· extensometer. The slopes of these two lines shall be determined and 
the average value shall be found. If the difference between the individual values 
'for slope is less than lS% of the average value, this average value expressed to 
· the nearest SOO MN/m1 shall be recorded as the modulus of elasticity of the 
· C:oncrete. If the diffecence is greater than 15 %. the specimen shall be re-centered 
• ~'the testing machine and the test re~ated.· If the difference after re-centering 
end testing is still greater than 15% ofthe average value, the result of the test 
~·\ie discarded: · · 
~{f ·~ . ' 
Report. The foJl()wing information shall be in~luded in the report on each 
~· 'JiPCCiJIDen .. 
· · (1) date of test, 
. identification mark, description and nominal size of specimen, 
. : (3) age of specimen, if known, 
: (4) l!tatic modulus of elasticity, 
•. \i (5)value of C, and 
(6) remarks, e.g. number of loading cycles or whether re-centered. 
• ,, Jl l 
4 TEST FOR niE DYNAMIC MODULUS OF ELAS11CITY BY AN 
' ' . ELECTRODYNAMIC METHOD 
1. For the methods of making and curing moulded beam11 sec the clause describing 
and curing of test beams in Part 3 of this standard. For the method of prcparins 
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ll·ll· 81. ll lf~b.2 -3.6 - 5.'1. ~n.o - 5.2 -1-1 ~U.o -4.4 -b .0 'lSi. s -3.o -4.1 - 5.b -1·1. 
21·12·&1. it. 
.1-'4 ·II· 8b lO ~q2 l- -3-5 -4-8 qgq.5 -1.5 -3.4 ,88.2 -2.6 -J.S qlf.{, - 3.'t -5.3 --4.3 -11.1 
O~·QI-U 33 ~~~-D -4.{ -£,.4 ,Y>S -o -4-5 - b-i nt.-4 - b-8 - 'i-2 qH.o -3.b -4.'1 -b.+ - 1~-i 
13·01·6l -40 1&4.0 -4.o -5'.4 1So.o -s.o -I..B ~SO.'Z. - 1. 'Z. -1.(. '111.5 -2-5 -3.4 -4 3 -2z.-t --
lO·OI·U il 1~1-b - z.-t -3-3 '116 .l -1-S - i.S 1111.0 -2. 1.. -3.o 'fi.B.o -3-5 -1-B -3-2. -25-l:> 
01-0Z.·U (,o HS.o - 3.(, -4-~ 11(,.5 -2-2 - 3-o ns.o -3 .o -1-1 'Jb~.l -1.8 -Z-4 -3-b - 2'1. 2. 





feu at load ': 2'2 Mfu. 
AND OF Mix 1 a ft>\iec.l ~h,~.s =- B. M2 Mf'a 
E - Modulu ~ t"2Bd) ::. 22.6 &fa. 
O,ns SHRiNKAGE M£ASURE. CR££P iN RIG._ C2.£EP \N Ri&* N£AN TorAL MEAsuH MEAN c~EEP 5P£CifiC GuP 
UNDER Mcall Me on. 
MtQ(\. Cur~ulniivt t1t.on CltMulalt~c. Mc.on C~Jrttuloli~e. Total lt.Sl 
(leer ~tfOill 
Total Total TotAl Total rotul Total 5htlnk49!. 
LoAo 5lraitl. C Uf'l~tlll Uvt. s-tm.n Sttaill. 5-ltail1. StfOill. 5tflUn Sira\n. ( Cut'luloh~e) Sl(CSS 
( Wlils) X 1.o·S X io-s '1.1D·s X lo-s '1C Jo-s X io-s lC io • s Y: i0- 1 "to-s x .to·s /14rg 
Ul\\oodt.d. 0 0 0 0 0 0 0 0 0 0 ---
loo.dc.d. 0 0 36.1\ 0 3q.1 0 3~.0 0 0 0 
---------- ---- --·- ----------- - - -·. 
0·02. ( - 0.4) 2.5 2.5 1.5 1.5 z.o 2.0 1.l. 1.~ 
-------------· -· 
0·05 -o.e - 0. 8 3., b."l 5.1 
"'· fo 
4.5 £,.5 5.1 b.b 
..... ·- ------···---- --- -~----- --· ···----- .... -·· ··- -------- ------- -. -· -· 
0 ·1~ l - o.s ) 3.0 ~-4 3., 1o.5 3-5 10.0 q.s 11.0 .. --- .. ·-
1 t 0. 5 - 0.~ 4-'t 14-:! 4-1 15-2 4.S 14-8 1-4.5 1b.3 
5 - 1.2. - 1. 5 11-1- 21..0 12 ., 26.1 12.3 H.i ;JS.t 28.8 --
6 (- "'\.3) b.! 32.! b.1 34.(1 "·+ 33-5 2'1.2. 32-8 -·--·-- --------·-- -- -- .. - ··-- ·-·----- -·· ·-- --. . ·--. 
n - S.b -1.1 ll.b -13 ·l 12-4 "ll.l 11.0 45.S 38 ..... -43 .2. ------------------ ----··--------- -- ·- ··--- - ·-. 
iB ( -q.z > f>.l 52 .f 10.1 51-3 ~.4 54.'\ -45-l 51.-'l 
f------·-·-·· .. . ... ---·-
20 - 4.'!, -11.4 4.o 5b .4 ~-0 bl.~ -'l.o 58.'1 4T .s 53.+ 
1----------· ----· ··-
H - b.l - 1'6 .1 lt2. 15-b ll-2 18.5 1B. '2 11.1 51 ·0 "" . .,. 1--------- .. ------- ··-·· ... ------- ------------------ ... -·- - .... . .. ···----· --- --- .. ----------------- . ---
"lo --'(.3 -11.4 8.t 83.6 lo.o M.5 ~·i Sb .2. b5-8 11 .:f. ---- ···-------- -----------. ·--··· - ·- --- .. 
il - 3-2 - 25-b ~.5 ~0.3 (,.8 H-3 b.b ~2.'i! bl-2. 15.1, 
------------------- --------------------- -·-· ---- - . ------- . - . - - -- -· -- -
(.,Q -J.b - 2C\. 2. 11.1 lo2.o H.t jl)f, .4 12-4 1o5 2 H.o 85.5 
CR££P SFEC IM£N5 FRoM M\X 2 LoA OED lN \ZIG- :tf S 
Do.tt Time CILINDER • C. 2.i. (I LINDER • c. 2.2.. Mtatl. Mtan . • lotn\ toto.l 
of Uncitf Frot'll Go.u.3e. Rea-r Cra.ult Front Ga.u..«Je. Rc.a.1' Ga.u.3e incnMwto l (ILI"liA\dtiVt 
Low! 
4 SllU't Comdtd 11 34.1LJt COClc.dcd 4l1UUC Corudc.d. A~'' uuc.c.tc.d strllin stlfinka tt Reawn3 Rautill9 5ltaiB A 'ttDiR. Ra1din.s stroil\ 4 sboln &adill5 stmin 4S·blun Rwdfn3 jtcaln A 1irAIII . l both) t CfCtP. 
f fln"iS) (uo·') ( X10"') { xt.o-s) C xw·'} ( )(.lo -.s) {X lc·s) 
-- ... 
25·11· ~b 0 C!iUn ~~r~ \A) -rc. c.a. st 
4· 12. 8£a 0 c.,lfttc ((\ I..) C. lr-t f\ (l ( ~d II\ tnc. (.(( l>p 1"iJ5. 
Wlloo.dui. 0 'IH·2 0 0 '11'0·0 0 0 ,qo.e, 0 0 ioo5.1. 0 0 0 0 
loo.dtd. 0 '113.4 23-6 3Z.4 %b.1 21.3 2to <fb1.o 11.8 Z1.b 'fBo. 5 1-t . .f 33.(, 31.2 0 
+ 301'1illS 0·02. ,.B.o 0.4 0.5 HS-1 1.o 1..+ 1b8.o i.o 1.-1 15o.3 (). 2 0.3 0.1 o.Cf ... 
t 75 nia~ 0·05 H1.o l.o 2.':1 ~55.1_ o.s 0.1 ~\,1.0 i.o 1.-1 nt1 O.b 0.8 1.4 2.3 
t lhr~ 0·1l no.4 O.b o.B ,53.b 1.(, 2.2. %s.z 1.8 ZA 118-o f.:f 2.3 1., 4.2 
S-11· &b i %,.o 1.f 1.1 H!.'l. 2.4 3.3 1b3.o 2.1 3.o H-i.S ,3.5 -4.8 3..3 :f. 5 
4 · IZ · 8" s ~51.0 10.0 1:\.t.. Ho.o 11.2. 15-2. 15lo 'f.o 11·2 ~bi.S 12.1 11-3 H.b ;12 .1 
11·11· s" & %5.1.. '3.4 -'l.b <fl8.6 1.2 1.1., Hs.4 S.b 1-b 1bv.t 1.4 1., 3-~ 2b ·0 --- ·--· 
ll·IZ · 81. 13 ,4q.z. b.4 8.1 ,32.o b-S 'f.2 144-0 4.4 C..o <f5J .o :J.-f Jo.f 8.5 34.5 
21·12·&1. ifl ~43-0 b-2 8.4 ~zs.o l.o <t-5 13to 5.0 (,_f> HS-o B.o 10-'1 8.'\ "'\3-4 
.H·tl·&. zo ~42 ."\ 0.1:! 0.'0 <t13.o 2-0 2.-:f Hb.6 2.'1. 3.o H4.b 0.4 0.5 1.8 45 ·2. 
0" ·OI·U 33 qu.o 10.4 H-i 'IIZ.3 !O.l 14-b <Jn.o ~-ca 13.3 qJl.o 11-1. 15.8 H-5 5'1. :f -
13·01·&l -1() '12l.O S.o £,.8 ~01.4 ~-<f b.1 'f22.o S.o G,.f> qz~t.o 4.0 5.-+ b.-1- bl..1. ·-·-
lO·CI·il 11 ,1V> 3.7 s.o ~03.5 3.1 5-3 'lts.o 4-o 5-t 'f24. 5 -1.5 b-i s.s 'H·I. 
OZ·OZ.·81 (:,o 'llb.-t 1..1 '1.4 8~b.3 1.2. '\.8 ~12.o £,.o 8.2 ~rlo 1-5 LO.'l <f .f Bt.o 
E: lO'O.l I:: 111.2. I:·. 101.! r.: 120.0 112.2 
---
8c..s -: 1b.3 Sets : 82 .2. Octr>: 'H.S 6cu: 8b.4 
C~E£P 5r Ec iM.£N5 ff(C>I"\ M\x 2 LOI\DE. D B'f Rl& 4t- b 
Da.tt Time (!LINDER • C. 2. 3. CILINOER • c .2.4. Meo.n Mean . . loto.\ tt>ml 
of U.ndcf Front Gnuje Rta1' Cro.u.Jc. F-ront Ga.u.3(.. Rc.a:r G-a.u.le incr(Mwto 1 Cl!rtu lahvc. 
Rea dinS Lolld 
~ ~ll2c. Cocredtd A 34u.Jc coutdcd ~ JllUSC Corrcdt4 A~~t uttutc.d. strllin St\finkate 
Rwlins 5lcG14 A stt111d Rtadin..!l straiR. A stro•n Rt.adtn' still ill A sm. an Rtadfn-' ~tca,·n A 1it61il . l b~tn) t CfCc.f'. 
(f»'fS) (uo·5 ) ( )(10-') ( Xt.o"') ( XJD-') (X.Jo"') (X lo-s) 
------
25·1l·flb 0 Cllin ~er~ \.U 'f't. c. a. st 
-4 ·12 ·8&a 0 ~'4lin(l ((\ I..) C. t rlo. c e.d It\ Uu (.{( Pp '(jj5, 
Wl\oo.dui. 0 q'\0·0 0 0 ~H·l 0 0 qq~o.1 C> 0 ~qq.o 0 0 0 0 
loo.dtd. 0 %8.~ 21.71 zq.s ~1~.2 20.'i ZB.i H3.B 22.'f 31.1 qro.b lS.-i 25 0 2f1.5 0 
+ 301'1inS 0·02. 'fbl., 0.4 o.s H2.5 Cl.l i.O 'H2.1 1.1 1.5 n1.2 1.-4 1.'1 1.2 l.. 2. 
t 15 nift~ o · D5 'fbb.O 1.q 2.1. 112.3 0.2 0.3 1H.O 1.1 2.3 ~H.o 2.2 3.o 2.i 3.3 
t Jlu!!i 0·1l ~{.S.o 1.0 1.4 %8.0 4.3 5.8 %q.:f 1.3 1.8 q:f(,,O 1..0 1.4 2.b 5.'1 
5·11· 6b i %1·8 3·2 4·4 ~b~.b 2.4 3.3 %5.2. "f.5 b.i 1l5.o .t.o f.4 s.s '1.1 
q. 11· Bll 5 152.0 ~-~ B·l 1ff.o B.!. ll.l 155.1 10.1 n.l %5.1 If. I, /3.1 13.0 22 .=f 
11· 11 · Bl. & 141.0 3 .o 41 ~54.o 3.o 4-1 151. b 3.5 "l.B 11>2.0 .3:4 4.h +..f 21·1 
··--····---
11·12· 81. ll 141.1 l-3 1.~ Ht,.8 1·2 1·B H4·4 1·2. q.g ~sr.s 4.5 b.t B.<f Jb.o 
21·12. tal. if> 135.+ L.3 8.b 141-1. !;.!, l.b 13&.4 b.o 8.2. 152.0 5·5 t·S 8.o 440 
4-4 ·11· &. lO 1344 1.0 1.4 Hf.o o.1. o.3 1H.2. 1.2 t.t. Ho. '1 1.1 1.8 1.3 45.3 
o~ ·ollll 33 qz5.l Cf.l IZ .5 1'31.5 Y.S ll.t 1ll·f '1.8 13.3 1-fz.o S.1 (I.B (Z.f:, 51.1( 
13·01·&1 .of() q,q. 5 S.:f 1.6 125.4 b.t. 8.3 122.0 5.4 1·3 13S.o "1.0 $.-( 1·2. hS.i 
lO·OI·U il ,,b.() 3.5 "(.8 123·0 2.-f 3.3 118 .s 3.5 -4.8 133·2 -4.8 i..5 -i· ~ 1o.o 
01·01·61 to 10~·b b.4 ~.1 11b.6 t.1 8.4 112.3 t.l 8.4 12l5 5.1 1.8 8.3 18.3 
E: loq.s I:;: 105.2. I:·. 11+.1 r.,: q1.3 10(,.8 
-----
8c+.S-: H.'t Scu: tb.B bcu: 83.b cScu: 7z.3 
UNLOADED SHRiNKAGE. 5 FEC iMEI'JS Of Mix 2. 
Da.te. Time CILINDER • S. 2.L (I LINDER • 5.2.2.. Mtan Mtan . • lotCl\ totnl 
of Undtf Front Go.u3e. Re.ar G-au.7t F-ront Ga.uJe. Rc.a.1' G-a.u..1e. incrc~t(lto \ Cu.fVlul4livt 
Re.adirt3 Locui 
4 541UJt Coetcdtd A 34U.Jt COCftttcd 4 lo.u.~e CtAndtd A~u~t Couutc.d strQin stuinka te. 
Rwlin9 5l.rain A stt11ia. Rcadin.S Stfllil\ 4 stroc'n Rtadld .stroin 4. straun RcatJ(n-' ~tCQlll A ~itllln. l botn) t Cfcer. 
( i»'fS) (uo·') l x10·') ( xt.o-s) ( X.tll-S) ( X.Jll·S ) (X 10 -s) 
- ······-······· . ----
0 C!l lin dtri lA) 1'f. c. a st 
·-
4 ·12 ·8ia 0 . c:.., litl' ((\ I..) C. t rl o. £ jc.d lA tnt (.{( ~p 'fi-'5. - .... - ·--
W\\ocultd. 0 ~n.b (l 0 CJB.o 0 - 0 qn.2 0 0 ,q5.h 0 0 0 0 - --
; 0 
-
+ lO~inS 0·02. ------
t 75 l'llill~ 0 ·05 1~8.0 to.4 to.s 113.0 0 0 qql.2 0 0 ~UA -C>.2 -0.3 t 0 .i t D .i . -- --- ..• - ----
t Jhr!. O·B ) 
S·l1· 6b i 
4· 12 ·Ill. 5 ,%.3 -1. :f -2.3 'fq2 .4 -O.b -o .f> 1qb.1 - () .5 -o.1 q~4.o -1.4 - j .'f -1--4 -1.3 
11· 11. 81o 8 
. ·- ·- . 
ll·ll· &b 13 '\91..3 -4.0 -5.4 'tSb.O - 1,.4 - B.::f ~ql.4 -5.3 -1.2 1BB.3 -5.1 -1-B -l.J - 8.b 
21·1Z·&C,. .1& 
.1-4 ·11· &. 2.0 <t~o.o -2.3 -3.1 1M.2 -1. B -2.4 'IIH.o --4-4 -b.D 'f6b.O -1.3 -3 .1. - 3-1- -11-3 
O"·ai·U 33 'IE5-2 -4-6 -b.S '\'61.0 -3 ·2 --4-4. ,'64.0 -3-0 --4-1 CJ81.1 -4-3 -5.8 - s.z -11-5 
---
13·01·61 "f() 183.0 -2 .2. -3-0 ne.o -3 .o - 4.i 1 Bo. '2 -3.8 -5. 2. H8.4 -3-3 -4-5 --4.'1. -21.1 
lO·OI·U il 180.0 -J.o -4 . .1 n-t.s -3.5 -4-8 118 .o - 2.2 -3.o 'nb.1 -2-3 -3.1 -J-8 -2'5.5 
02.·01·61 £.0 ~18.0 -2.o -z.1 113-o ·t.5 -2.o '115-2 -2-8 -3.6 H3.-4· -2.1 -3-1 - J·1 - ZB. t, 
E: -2b.b E: -21.2 I!'. -30.0 r.: -30.2 -2B.la 
·---··· 
... --
(R_EEP SHRlNKAGE Mix 
fc.u at Ia o.d. : 33 MFa 
AND Of 2 arrlicd strc~ s :. 8.35~ Mfa 
E- Modulu.s (2&dal\ :. 26.05 Gfa 
D.ns JHRiNKAuE M£A~UR£. CREEP IN R(G*- c~£EP \N Rier* MEAN TorRL MEAsuf£ MEAN c~EEP 5P£Cific GuP 
U.ND£R Mea a Mcatt M(.Q(l CuMulllfin t1c.an CLU"'ulaiJ'vc. Mcon (Utiluloli-ve. To till 
\t.Sj 
C<w• ~traitl 
Total Total TotAl Total 1otul Total 5hfink49!. 
LoAo 5lrain. ( Ur'IILIIlHvt. Stro,f. Sttaitl . Sirailt. 5tmill. Sircun Stra\o. ( Cuf'luloh~e ) St(c~S 
(Wlils) X ia·S x. io· s Y.to" s X lo-.s " Jo·.s X io-s '1C 10-s ¥ io-s t 10-s x to·s /'14rg 
unloaded. 0 0 0 0 0 0 0 0 0 0 
. --~·-
lolldcd. 0 0 31.2. 0 28.5 0 l'l.S 0 0 0 
---·~----··· ---- ------ --------- ·- . ····-····· ·- ------ .. ...... -· 
0·02. 0 0 0.'1 o.q 1. 2 1.2 1.! 1.1 1.1 1.3 
·---------- ··-
0·05 ... 0.1- to.J.. t.t 2.3 2.1 3.3 1.1 l.B 2., .3.5 
--- ·------~---- -.------- ·--- -------- -·- . ------·-·· ·-· - --··· -- . ---. . -- . - -- -·- -------- - .. 
O·H (-0. 4) 1'{ "1.'2. 1./o 5. q 2-3 5.! -1-t S.b 
... --- - - .. 
1 ( -0.6) 3.3 1.5 J.s 'Vf 3-S 5.(, l-~ 'f.) 
5 - 1.t - 1.~ 1"\.b 22.1 H.o 22.1 B.B 22.-4 Zi.i 25. 2. 
6 \- "t.o) 3.'1 2l..o "\A 21.1 4.1 21..b ll.b .:ll.o 
------~------------ -- . -- ... -- --- ... - - - . ------. ------- .. 
n - l-~ - 8.b 8.5 34.5 ~-" JC..o s.1 35-3 2b.1 31.q -- --- ----··· ------------------ -- -------····-----------·- ..... - --
1& (-ll.o) 6.'l 4 3 .Jj- 6.0 f-4.0 6.4 "13 .'f 32.1 31f.i 
-------··-··-
20 - 3.-:f -12 -~ 1.6 45-2 1.3 "15.3 1.(, "15.3 33.0 3'\.5 
-----------------
3l - 5.2. -n.s 14.S 5't.:l 1'l.lo 5l-1 D-5 ss.s 11.~ 1V~ 
-~- ------- - -· . ~ -- ... -------------- --·--------·-- ---- - ··-- ·------ -. ··-- ----- -· - ----. ----···· ---------- - .... ,. -- ----· - --
-'lo -4.2 - 2\.1 b.4 bl..! 1.2. bS.i b.S l:,S.b 13.'1 52.5 
-------------- --------- - --- --. 
il -3.6 - 2S·S 5-5 H.b -1.'\ lo.o 5.2. 10.6 -45-~ 54-2 
!-----------·- ------------------- ------------------------- - . ··-··-· --· ··- ----· - -- -- --
t,o -3-1 - 28.b 1-t tt.o B.3 1~.3 8."1 t"'-l St.L b1.1. 
APPENDIX A9 
The CEB Methods of 1970 (*58) for the 
Estimation of the Creep and Skrinkage of 
a Concrete 
Appendix A~: CEB 1970 Code Recommendations. 
a lUl l>etermlning tbe elastic moclulus 
. (See Supplement C 12.22) 
\ 
:Jl 12..221 DEfOilWAnONS UNDER INSTANTAiimous Oil 
RAPIDLY CHANOINO LOADS 
t,n-the presence of instantaneous or rapidly changing loads, 
i·tbe elastic modulus tangential to the origin, E,1, of the,. 
; eonacte at an age of j days may be evaluated using the 
!.following formulae. 
;:ta) Normal aJ:gregate concretes: 
· E•J-66000 VR'•s where ~and K 61 are expressed 
in N/an1 or 6GOOyli?.'.; ..... -., II'!Pa 
,nJ.id as long as the stresses unde?working conditions do 
:-oot exceed four-tenths of the compressive strength at} days. 
·.In this expression, R'1 is the average compressive strength 
·of the concrete at J days. m~_s~ 0.!1 ~il!d,.,.~ 
t(b) Lightweight aggregate concretes: -- · -
Et~ ::0:: J 8 000 ~ 11 R' 111 (E111 and R' 111 in N/cm1) 
where "f is the volumetric weight of the concrete. 
For stn~cturallighrweight aggregate t:oncretes, the values 
-~/Eb are subject to a large Kllller ,· the above formula is tlw.s 
DTJ/y a IUilk. It i.r advisable to deduce E'b from tests on 
cylindrical spccimDU (see R 12.1 1). 
R 12..222 D!FOIWATIONS tll'<"'EJt PltOLONGED LOADS (a. 
R44.12 AND R44.13) 
For normal aggregate concretes and lightweight aggregate 
eoncretcs..use may be made of the secant modulus,(in 
areas witlj[working strcsses)equal to the tangent modulus 
defined a60ve, less 10%. 
For the determination of internal forces produced by 
c:r=p (R 12.31), the elastic modulus is the secant modulus 
E,., defined for an age J .... 28 days. 
R12.3 DEFERRED DEFORMATIONS OF THE 
CONCRETE (SHRINKAGE AND CREEP) 
The coefficients given in R 12.31 (creep) and R 12.32 
(shrinkage) form a worlcing basis and are valid only for 
Portland cement concretes of normal quality, hardening 
under normal conditions and subject to working stresses 
at the most equa1 to 40% of their rupture 5tress. (Sec 
Supplement C 12.3.) · 
This refers to the avemge rupture stress on cylinders at the 
particzdiu time. 
Rl.Ul Creep 
(1) In order to evaluate the order of mngnitude of deferred 
deformations due to creep under working conditions, use 
may be made of the theory of linear creep. For a constant 
stress o~. this theory leads to a Qlculation of the final 
creep deformation from the formula: 
0'& 
£t--tf>, E, .. 
In this formuln, E&u is the value of the secant modulus of 
the concrete at an age of 28 days (R 12.222) which gives 
an indication of the quality of the conc::n:te and "' is a 
coefficient covering the particular working conditions 
envisaged. This coefficient .is equal to the product of five 
partial coefficients 
where: 
k, depends on the environmental conditions, 
k4 depends on the hardening of the concrete at the aae 
ofloadinK. 
let depends on the composition or the concrete, 
lc, depends on the theoretical thiclmess of the member, 
k, covers the development of the deferred deformation 
with time. 
The value of t/>1 calculnted with the values given below 
of these different coefficients i& an average value. When 
creep has a large influence on the limit state under consider-
ation, an increase or a reduction of the order of 15% 
should be considered, so as to cover the most unfavourable 
case. 
II the stresses producing CZ"Cep are themselves influenced 
by creep or if they vary in a continuous manner, it is 
necessary to use iterative methods or to revert to appro-
priate analytical methods. 
Where creep has a •ery large effect on the ~tresses, It 
may be atf,•antageous to produce cunes rivlltg ko and ka 
from equations. 
(2) Coefficient k, (environmental conditions). 
. 3 ·~ ·-a ·~ .&' 
i 
"' v~ . 
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lAO!! OF CONCRETI! AT TJME OF LOADINO (7'•20'C..cotnL) 
1 I l I 1 ,, J I , ' , t I ,J I I I ' I , I, 
30 100 1000 JOWO 
DEOREE OF HAI.DENIHO D 
lO 
Tile derree of lttutknjnz of the conr:rete ar the age of 
~«~ding euru 1111 111/blen&e tzt least liS bit liS 1M clima~ic 
eoNJitiDIU. 
· 1M Wllues in the djqram tlbtl~ refer to Portland ument, 
ltordened lllltkr nomtGI condition.s, i.e. tzt 1111 fZlltrage concrete 
nmputUure o/10°C tmd with protection qain.rt excessive 
· 1/J:ses of moisture. 
/f the concrete lttuden: at a temperature other than 2o•c, 




D repremus the thpee of hardening at the moment of 
londing. 
At represmts th~ number of days during which luJrdening 
hlu taken place at T•c. 
{4) Coefficient k• (composition of the concre~) . 
l·O ..--
I 
L .. i-7/~ ./ 
~L L ., 
~·~ ./ 
.: 1·0 
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THEORETICAL THICKNESS ,_-em 
The theoretical thickness em is the quotient of the area of 
the section B divided by the semi-perimeur p/2 in contact 
with the atmosphere. If one of the dimension: of the section 
lllllier consideration is -ruy lar7e with res~ct to the other, 
the theoretical thickness correrpondr lllmost to IM tzCn-1 
thickness. 
I/ the dimen.rion: tzrt not eonstt~~~tlllong the ll'ltmlber, an 
fZlltrtzre tkoretical thicknu: CQif be defined by paying 
partiCllltlr attention to those section.r in which the ~tresses 
are maximum. 
(6) Coefficient k, {variation as a function or time) 
(r represents the number of days after the application of 
loads). · 
{7) In general. the final creep deformation &J tor light-
weight aggregate concretes is greater than that for normal 
aggregate concretes. This difference is a little ~ for 
high-strength concretes than for low-strength concretes. 
The final creep deformation should be deduced from tests 
carried out in accordance with the methods laid down by 
R.ILEM. Alternatively, it may be c:alc:ulated by riving 
£&11 the value corresponding to normal aggregate con-
cretes and in multiplying the result obtained by 1 -6, or ,,. 
r.,=J-6-E, .. 
(8) At a given moment z, after application or the loads, 
the infiuence of a stress a' "~• applied at the instant j and 
subject at any moment i to variation in intensity a'"'· may 
be expressed as: 
&tz = £: .. [a' &J'.Piz-J) + :ta' ~JCCI>I~'>] or 
r.,, ""ke:,:.k, [a' &J k41 k,,~n + :ta,. k.Jc k,,,.f)] 
A.r shown in the equation, superposition of loads wuld 
always be done on the tlSsumption that the srress applied at 
the Mginning operates ID'Itil the end of the period ID'Id-::r 
consideration. The ltlmt method may be applied for all 
later stress changes: in effect, th6 •alues of k4 have been 
determined in these hypotheses. 
R 12.32 Shrinkage 
(1) The shrinkage deformation tr at any instant may be 
determined by the product of five partial coefficients: 
&r-&e k& k. k~ kt 
where 
te depends on the environment; 
b depends on the composition or the concrete; 
k, depends on the theoretical. thickness or the member 
(seeR 12.315); 
k, depends on the pometric percentage p-.lOOA./B 
ot longitudinal rei.nf'orcement or area A with n:spect 
to the c:ross-tcctional area or the member B: 
100 
Jc,-lOO+np 
where n-20 with regard to the effects or creep; 
Jc, defines the development or ahrinkage u a function 
of time. 
-;.:,a JCDC'l"'l1 rule,.,. u. function or k, gives the redu~ 
tion in length of the fibre at the centre of sravity of the 
tendon p under consideration. 
Tbc average values of the coefficients tc, k, k. and let, 
u functions or the parameters which define them. may be 
taken from the following diagrams which are valid only 
for concretes which bave been protected from excessive 
losses of moisture in their early days. 
(2} Coeflicient &e (environment). 
For umeinfon:ed concrete, the average values of eo can 
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llELATIV£ HUMIDITY OF Alll -Yo 
Forlllllhrfloorlteatillg, OYens, etc., Ptzlues of the ~fficinrt 
£c should be taken from experience. 
(3) Coefficient k• (composition of the concrete). 
The aame coefficients may be used as for creep, sec 
diasnm in R 12.314. 
(4) Coefficient k, (theoretical thickness). 
(5) Coefficient kc (variation as a function of time). 
The same coefficient may be wed as for c:rcep, ICC 
diagram in R 12.315. 
Where climatic conditions are constant, that pan of the 
deformation due to shrinkage in an interval of time (z-1) 
ia equal to: · 
At,(,_,)-~ k• k, k, (kcrlcu) 
At early qes, 1M lltrinlcaze of o protected concrete Is 
lower tluut tluzt o/11111111J'1'0Iecttd conaete (this Is lmporttmt 
when tryilrz to ti'Pold crtzdcinz in conaete which is young tmd 
therefore o/loM• strength), the diffenn~ decnt#frrz with 
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THEOil.ETICAL THICKNESS -
{6) It bas been ahown experimentally that lhrinkace or 
atructuralliahtweiiht eonc:retes lies between one and two 
times that of normal qgrepte conc:rctes with the aame 
compressive atmlitb • 
APPENDIX A10 
Details of the 20 credits of Course Work 
Completed towards the M.Sc. degree 
Year Course 
1985 CE5B17 Finite Element Analysis * 
1985 CE5G1 The Properties of Concrete [J 
1985 CE5B11 Structural Loading r/J 
1986 CIV502F Prestressed Concrete r/J 
1986 CIV535S Finite Element Modelling of [J 
Structures 
* = exam only 
r/J exam and project 







UNIVERSITY OF CAPE TOWN 
DEPARTMENT OF CIVIL ENGINEERING 
FINAL EXAM. HONDAY, 24 JUNE 1985 
CE SB17 FINITE ELEMENT ANALYSIS 
TIME 3 hours 
Note: 
The student may refer to class notes and assignments. 
1. The diagram shows half a plane symmetric frame structure, which is 
to be modelled using 5 elements. 
2 ® 
w "' 10 kN 
y 
w a 5 kN/m 
E = 200 GPa 
v c: 0. 
3 
4"1 8m 
Element 1,2 linear bar ; A 5000 2 = mm 
3 Bernoulli-Euler beam A = 30000 mm 2 
I = 50 x 106 mm4 
A 125000 mm 2 = 4,5 linear Timoshenko beam 
I 2600 X 106 4 = mm 
(l = 1.2 
(i) Compute the global element stiffness matrices for elements 
1, 3 and 4 • 
(20) 
(ii) Comment briefly on the relative stiffnesses contained in 
these element matrices. 
(3) 
(iii) Assemble elements 1 and 4 only into the global system 
stiffness matrix; show only what is necessary, i.e. 
nodes 1, 2 and 3 • 
(5) 
(iv) Compute the global system load vector. 
(5) 
(v) Assume the following displacement solution (mm and rads) 
Node u v e 
0.010 0. -1.0 X 10-G 
3 0.012 -0.001 -0.5 X 10-6 
Using this solution compute the shear force and bending diagrams 
for element 4 . 
( 12) 
2. A 5-noded quadrilateral plane stress element is shown below. 








1 2. ---t>X (.u. > 
. ' 
10 ~ z ~ 
(i) Show that the Jacobian matrix for this element is 
J 11 = 6 - n
2 
J12 = 0 
J21 
.. -2n(1 + ~) J22 = 5 
( 1 0) 
(ii) For a thickness t = 1 mm , compute the volume of the 
element using exact numerical integration. 
(5) 
(iii) Show that the normal strain along the side 3-4 is a constant 
with magnitude 
( 10) 
~: You may request the element shape functions if you do not have them 
in your notes. 
3. A parabolic shear load is applied across the edges of two 8-node 




I 3P r 2 2J p=-h-y 
I 3 4h3 L 
h 2 
.\ 
Show that the equivalent nodal load at node 3 is (11/40)P 
(15) 
4. A 4-node quadrilateral element and a 2-node bar element together 
support a point load P = 6000N • Nodes 1, 3 and 4 are fully 













The following additional information is given 
aN 1 
2 
= -(1-n) ; - = - -(1+E;) 
dX 16 ay 12 
J _r4 OJ 
- Lo 3 
E = 300 GPa \) = 0.3 
Compute the horizontal displacement at node 2. 
( 15) 
A ... 100 mm2 
;5-rNOPSI 5. 
This project wo.s .. pcrforr'lcd to fu/fllf lh~ rt~ut'rtMc.nts of iht cou1~e CE 5G 1 :''The 
Pro editS of Concftle. 5udabfc. ft ftrtrl(! &.Jtrc obfrwitd rrOf'l #It (JC1 Lihra'l {rot'\ t.Jtt.rt 
the it\ for..,~b'OA 1..\ClS \n~ff\ Olld ass~ltd for Hu:s rtport . 
four cott:!ar\ls of L,jhtwe~ht CO{l((tt.e. u:lst: (1) No-tL"nts ccnctttc. , (2) FClrtLQ.Jir 
Cof1FCttd hjht~Je~ht Conc,ett , (3) Struduret( ltj~twt~ht concttte , (4) Ac1Utc.d 
ccnttttt.. 
!No- flilfj .concrd~ and Ot111ltd CMCI<tf ~rt 11hb.J<~ht concr<t<5 in duclt 11te" art. 
Vtr~ h.Wt vo.rl4b·on~ ~~ aj3'tj4f:.t - va· fact J 'lo- !in·ts .('olluttL lJ.lu.alt'J ho.J no 
fl1lt alJrlj<lle at o..ll 1 and ac.ra.ted concrdt~ 3entro.ll7 havt no coarst Oj3'~te . The 
phy~\rol GAd Mec.ha,u·,a./ p(o~r b"ts of -tht~ -/IJO li3htw~ht Con(tdc ~pts COil -lhtrd«t be. 
~~is\.Usscd dt:w~tly wWt 1'tttcU\Ct to /lrf{r Plix proporlt.ons , .CtMtllt an~ watu eont-tt'lt, · 
! MiY.ttlj 1 plo.(t~ and -(Urt~ fechm.7ue~. 
I 
I 
Porho.lly eortpo.ckd- and Shudrual hjhtLXjht ([)(lCrckJ Mlj (npfoy a LJ{d, 'lartd:y of 
jdlflutnt l(~hlutjht D.j5'tru5 - th~ . ttr~or one.s betrj foa,w. 6/ast-(wnau. ~~ , ~(rztcred 
. put'JtriS_td furl ash Cltld e~panded dQy 5 btCflUf! -/hey haU! lflt. (!aJC Ql¥!~ttt of dtle.tut"ous 
eff~c.t ctL the Wflent and eonucte. Tht phylicaf and flltchanteuf propefb~s of lhnc. i!Jo 
!\~ntutijht eooc~e.tl ca.~rl"es Must #!eufor, he. inspected· wdh d.tlcct refcrenct to the.. 
\o.~~r~o..te. used. and its speafic. fhy:,ical and Mtchallt"co.l prope(hes. 
b]hli.>ti3nt (()f\c<etts art ·k11d~ i~tcrcosf~ CJSt LXJrldtJJ.dc. as (JJI eeonOI'u·c. altc.rnahvt. t:P 
1\0fPlal del\~ C.OOctrlt.. The t.l.Oft.Of"'Y lft /tj htwt.jh t CDfiUdc. (iH I'IQ!n lr tri. l'ts a.bi"ftty to 
~ra~co.llr reduct. O.ead loads 1ti shuduftS afld. ft AJsULJ.IIJ ,allows for .t'\or~ -rapr"d eoo~~ctU>tt 
I' f ~-rost Mtr\hers o.rt .used.. Ho~vtr , l1jhtwti3ht concrd:es ott stdl Mat~fy us«i for 
1 it~ ~ct>d the.fi"\G.I insu.la.h:otl 1 ftte protldi.On 01\d. a'oushc properfie s. I11.. fttcse typts 






UNIVERSITY OF CAPE TOWN 
DEPARTMENT OF CIVIL ENGINEERING 
OPEN BOOK EXAMINATION 
CE 5B 11 - STRUCTURAL LOADING 
Time allowed: 3 hours 
Answers must be concise 
Date: 2 November 1985 
1. Explain how the loading data differs for the three levels of limit state 
design. 
2. State which probability distribution fits each type of loading best, 
and explain why the tail of a typical distribution curve is so significant 
in reliability theory. 
3. Discuss the meanings and applications of "global loads" and "local loads" 
on buildings and bridges. 
4. List all the possible categories of bridge loading and explain their 
meanings. 
5. Define the term "loaded length" for highway bridges and discuss its 
effect on traffic load intensity. 
6. Sketch typical power spectra for wind and earthquakes, and relate these 
to the responses of different types of structures. 
7. Discuss the factors affecting restraint actions caused by structural 
deformation and outline an analysis procedure. 
8. Describe one method of obtaining a design spectrum for seismic effects 
on structures. 
9. Discuss the reasoning behind the different forms of load combination 
rules. 
10. Explain how each relevant factor influences formwork pressures for a 
high battered reinforced concrete retaining wall. 
11. Discuss the pressures experienced by a sheet pile harbour quay wall, 
driven into a clayey seabed. It is backfilled with sand and paved with 
a concrete slab on one side; and the seabed is dredged on the other side. 
12. Give a method of determining berthing forces on fenders in harbours. 
(Equal marks for all questions) 
• 
UNIVERSITY OF CAPE TOWN 
DEPARTMENT OF CIVIL ENGINEERING 
UNIVERSITY EXAMINATION CIV502F (1986) 
OPEN BOOK EXAMINATION - 3 HOURS 
1. Discuss briefly all the desirable properties of 
(a) the steel used for prestressing, and 
(b) the concrete used for prestressed concrete. 
2. Sketch and discuss the concrete stress distributions 
behind different arrangements and sizes of tendon 
anchorages. 
3. Discuss the advantages of full prestressing vs. 
partial prestressing vs. reinforcing only, of 
concrete beams. 
4. Give the advantages of pretensioning vs. post-
tensioning of concrete members. 
5. (a) For the prestressed concrete beam section shown 
overleaf, find the stresses in the extreme 
fibres, in the reinforcement and in the tendons 
at the SLS using an uncracked section analysis. 
(b) What is the degree of prestress K ? 
(c) Estimate the maximum crack widths on the beam 
soffit at the SLS by any Code; without doing a 
cracked section analysis. 




the sagging flexural capacity MU in kNm , by 
analysing the section, and 
the shear capacity Vu in kN 
- both by SA8S0100 for the ULS. 

























I • 0,0661m4 
z2 . 0,13916m3 
a2 • 475 
.-- R12 - 300 links f • 250MPa yv 
... _..__ __ 8 x 15,2 ~ strands 
CA --1--










50 tt-- :!f so 
t- 300 
Y bars 
f • 460 tiPa y 




8 x 15,2 ~ strands A m 1104mm2 
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f • 1645 MPa pu 
f .. 0,75 f pt pu 
f - 0,85 f pe pt 






ULS DESIGN STRESS-STRAIN GRAPHS 
Concrete grade feu a 50 MPa E 
c 
34 GPa 




Md • 900 kNm 
Mimax • 1100 kNm 
M. . • 0 1m1n 
{
M • 3000 kNm } occurring simultaneously at the 
V • 500 kN same section 
£ 




lh;s rroject W05 writtc:n froM e1 \\tc:ro.r.1 -rc.sc.a.rch in the toPic.. It ~erves to 
introdu.ct SWdtnts and other5 irwol~td \n the. fidd of CDnc.retc. to tht ConcePt5 
:Of rrc.~tctssin3 li~btL.>t.isht conac.tc.. 
-~h.r.:r a. britf introduttorl c.haf'tt1', th{5 rrojett then covers the CJ4YS in wh1ch rre-
_stru~td h-~hl!.>{l.1ht CDncrtte ( 'PLWC) rlGl be Ulect in cottstru.chon and also ,-n 1"1arlile 
.1lffllc.n\ions. Tnt benefits of ustnj 'PLWC in ihc3c /J·eli.5 ore dfscu.jSe.cL. Tht t'jres 
-~ li~hWti,ht 0.3Src.3o.te. su.~tAblt fer u.se in PLWC aft a.lso c.o~ered. - thert <1rt. 
.rrlCln1 diffltc.n.t lilhtu.i.1ht o.l3 rt.3ttt:; , b&lt u.Paf'tdtd. tlo.rs , ~hales ond Jlatt, tU ~II 
Jl5 Sitttuc.d. Pfa. rado,.,inoft in 1hls res Pt.ct. Rec.oN'tenda.tlon s arc. '(ven on the. 
~-,qo.nu.fo.d.u.1't. of PLWC and ~t.~tro.\ M''i dt$i'n ch<tfts a.rt i11cludtd too. 
A di sc.ussion on ihe frortrtles of h3htwti.3~t c.oncrc.tc. ~reu·f,·c.a.u::s 'ftla.Ud. to tfcsttt-
_ssed. c.oncr!tc. dcsi3tt fo/lol..)l ill JecJio• 5. It i~ ~11.d thctt ~u{(fcrtt1tl-1 ~u3ft 
_toMfftlli1t StrcnJtns -a~ o.ttcu."no.ble. , bLlt tilt tc.mile and fit.xura.l stren :rtl'J~ are. ~~~~bth 
_lDL.>e-r troA. itt nor"'ctl c.onuetL. lhe Modulu..s of e.lctsticJ·tJ is often su.hstllnU4llJ lwer, 
_bu.t the su.bst&"tu.tton of fint land for .SOI'lt of tht. /i,htwt•.,ht fl·,u.s Llill o.lk.-Jiak. . 
this frob\tf'l.. T~t shrink.t'e Q/ld CfttP ~trctins in lWC Q(t U~IU.llll JrtAt.tr than Jiz 
1\ortctll concrete. - fln" with fbc fo.ct firlt tlastfc Modulus i5 lower. , the f1tStftS5 
_losses ore the1'dore, 31tatt.1' , but srecictl curinJ ttchn(crut.S .will ftMcdY the Problettt . 
.fino.llj , a. table S\LIIIl'tQn-s inJ ftu"'erous CQlc Jtudfcs on f LVI C. is Prc~nu.ct. frotwL 
which 0. fQir QMOt&ttt 1'141 be lt.arnt ctboclt the. tcdlfiO {o~J of Prt.Stft.jSinJ LWC.. 
UNl'l£RSlT'f OF CAPE TOWN 
CIV 535 5 
F in i \:. t E ' t fll t 1\ t M o a e. l h n_g 
tt 
The. 5tru.c.tu1'a.t Ano.bsis of a.n Inc-rc.Mentall:J 
Con.stf'u.c.te.d A-rc.h. B1id~e. us1n.1 the. 
ADiNA Pa.cka.~e.. '' 
S~NOP515 
The. fu.'frost of UHs rrojtct is to d.eM.on.st-ra.tc. tht UH. of the 
birHt o.nd deo1n ortlons ott t.\tMtnts rutd the tCf'lt-fl.lttch"oftS 
on \co.ds th.o.t the. AD\NA an.QI!sis fo.cka'e. has. A 'fca.tfstic 
Str11dure wo.s chosett fer· thi.~ deMonstfa.tron , flaMe\1 a 5o 1't 
5fnft ca.ble ~ ~to.Hd i11.trt~e.t1ta.\b Cofl strutttd c.oncrttc. a-rch. 
bf'id.H .. The. ou.tru.t frort the. th'fce. f1'ote.s~of5 of ADh..JA iS 
5hol.)n. and. d!Monstra.lts how tile. tiMe- fun.c.tlon5 aod birth / 
d.eo..th oPbot15 onra.te. , at1d. a! so ho\J su.c.h o. strv.cturt MO. 'f 
su.c.tofu.\t:J bt O.f\o.l~scd. 
Cla.~t.on F-ric.k , M.Sc. Student , NovtMbCf 118{., 
2 2 JUN 1987 
